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The objectives of the work presented were to 1) fabricate reproducible nanorod array 
SERS substrates, 2) detection of bacteria using nanorod substrates, 3) detection of DNA 
hybridization using nanorod substrates and 4) critically evaluate the sensing method.   
 
A novel method for batch fabrication of substrates for surface enhanced Raman scattering 
(SERS) has been developed using a modified platen machined to fit in a commercial 
electron beam evaporator.  The use of this holder enables simultaneous deposition of 
silver nanorod (AgNR) arrays onto six microscope slide substrates utilizing glancing 
angle deposition.  In addition to multiple substrate fabrication, patterning of the AgNR 
substrates with 36 wells allows for physical isolation of low volume samples.  The well-
to-well, slide-to-slide, and batch-to-batch variability in both physical characteristics and 
SERS response of substrates prepared via this method was nominal.  A critical issue in 
the continued development of AgNR substrates is their stability over time, and the 
potential impact on the SERS response.  The thermal stability of the arrays was 
investigated and changes in surface morphology were evaluated using scanning electron 
microscopy and x-ray diffraction and correlated with changes in SERS enhancement.  
The findings suggest that the shelf-life of AgNR arrays is limited by migration of silver 
on the surface.  Continued characterization of the AgNR arrays was carried out using 
fluorescent polystyrene microspheres of two different sizes.  Theory suggests that 
enhancement between nanorods would be significantly greater than at the tops due to 
contributing electromagnetic fields from each nanostructure.   In contrast to the theory, 
 xxxiii 
SERS response of microspheres confined to the tops of the AgNR array was significantly 
greater than that for beads located within the array.  The location of the microspheres was 
established using optical fluorescence and scanning electron microscopy.   
 
The application of SERS to characterizing pathogens such as bacteria and viruses is an 
active area of investigation.  AgNR array-based SERS substrates have enabled detection 
of pathogens present in biofluids.   Specifically, several publications have focused on 
determining the spectral bands characteristic of bacteria from different species and cell 
lines.  Studies were carried out on three strains of bacteria as well as the medium in 
which the bacteria were grown.  The spectra of the bacteria and medium were 
surprisingly similar, so additional spectra were acquired for commonly used bacterial 
growth media.  In many instances, these spectra were similar to published spectra 
purportedly characteristic of specific bacterial species.   
 
In addition to bacterial samples, nucleic acid hybridization assays were investigated.  
Oligonucleotide pairs specifically designed to detect Respiratory Syncytial Virus (RSV) 
in nasal fluids were prepared and evaluated.  SERS spectra acquired on oligos, alone or in 
combination, contain the known spectral signatures of the nucleosides that comprise the 
oligo.  However, spectra acquired on an oligo with a 5’- or 3’ thiol were distinctly 
different from that acquired on the identical oligo without a thiol pendant group 
suggesting some control over the orientation of the oligo on the nanorod surface.  The 
signal enhancement in SERS depends markedly upon the location of the probe relative to 
 xxxiv 
the substrate surface. By systematic placement of nucleotide markers along the oligo 
chain, the point at which the nucleotide disappears from the spectrum was identified.   
 
The overall findings for AgNR SERS substrates suggest that the applicability of SERS 
for detecting nucleic acid hybridization is limited.  The strong distance dependence 
coupled with the lack of substrate stability at temperatures required for annealing oligos 
during hybridization suggest that AgNRs are not the platform to use for hybridization 









INTRODUCTION TO SURFACE ENHANCED RAMAN 
SCATTERING 
 
The purpose of this chapter is to introduce the reader to surface enhanced Raman 
spectroscopy, the major technique used to sense biomolecules throughout this work.  The 
details in how Raman works as well as the mechanisms responsible for the SERS 
phenomenon are described in detail.  Also included is a review of the common substrates 
and applications currently in use. 
1.1. History of Raman 
In February of 1928, Chandrasekhara Venkata Raman and Kariamanickam Srinivasa 
Krishnan were performing studies on the scattering of light and discovered what is now 
referred to as the Raman effect.  Raman earned the Nobel Prize in Physics for his 
discovery and contribution to the scattering of light in 1930.[21]  The Raman effect was 
designated an American Chemical Society National Historical Chemical Landmark in 
1998, demonstrating the significance the discovery.[12] 
1.1.1. Raman Scattering 
The Raman effect is an inelastic scattering caused by rotational and vibrational transitions 
in molecules.[13]  When light is scattered from a molecule or atom, most of the photons 
are scattered at the same energy and wavelength of the incident photons.  This is deemed 
an elastic or Rayleigh scattering event.  Sir Raman and Sir Krishan discovered that about 
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one in a million photons is scattered at a different frequency that the incident photons.  
This difference can be higher or lower frequency than the Rayleigh line.   
 
Figure 1.1 presents the energy level diagram for Raman and Rayleigh scattering.  When a 
photon is scattered off a molecule in a ground vibrational state, ν = 0, there is a 
momentary change in the energy state of the molecule corresponding to the virtual state  
designated as j.  Molecules in the ground state can absorb a photon corresponding to an 
energy of hνex and emit a photon with a change in energy represented by h(νex - νν).  This 
is referred to as a Stokes shift and written as νs.  Molecules in an already vibrationally 
excited state, ν = 1, scatter and return to their ground state and produce a photon with 
energy corresponding to h(νex + νν).  This is referred to as the anti-Stokes shift and written 
as νa.[13]  The absorption of energy (Stokes) results in a red shift in the Raman spectrum, 
whereas a loss in energy (anti-Stokes) results in a blue shift.  The red shifted Stokes lines 
are much higher in intensity than the blue shifted anti-Stokes lines when the system is at 
thermal equilibrium.  The intensity of anti-Stokes shifts increase when the system is at an 
elevated temperature, increasing the vibrationally excited molecules in the system.[10, 
22-23]     
 
Raman scattering is representative of the vibrational, rotational, or electronic energy of 
the molecule.  Figure 1.2 presents the full spectrum of scattered light for cyclohexane.  
The most intense peak at zero corresponds to the Rayleigh scattering.  The peaks present 
at higher (Stokes) and lower (anti-Stokes) frequencies correspond to the Raman shifts for 










Figure 1.1. Energy level diagram for Raman and Rayleigh scattering.  Image 
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Figure 1.2.  Presented is the full spectrum acquired for a solution of cyclohexane, a 
commonly used Raman standard.  The red shifted Stokes lines are much higher in 
intensity than the blue shifted anti-Stokes lines since the system is at thermal 
equilibrium.  The bands for Stokes and anti-Stokes are located at the same 






, referred to as wavenumbers.  These values are used to account for any 
variation in the shift with a change in excitation wavelength.   
1.1.2. Polarizability  
The fundamental selection rule for Raman spectroscopy is that the polarizability of the 
molecule must change during the course of the vibration of the bonds.  (In contrast, the 
fundamental selection rule for infrared spectroscopy is a net change in the dipole moment 
during the course of the vibration).[24]  Polarizability is the ability of a charge 
distribution, such as electron cloud of an atom or molecule, to be distorted from its 
normal shape by an external electric field.[10, 23]  The vibrational Raman cross section is 
determined by its degree of polarizability.  The cross section of a molecule is 
representative of the area available for interaction of a beam particle, or in this case the 
incident monochromatic light.  The larger the Raman cross section, the more likely the 
molecule will produce a Raman spectrum.   
1.2. Instrumentation 
Typically, a normal Raman spectrometer consists of a laser source, a cell to hold the 
sample, a wavelength selector, a radiation transducer and the appropriate signal processor 
and read-out device.   Figure 1.3 presents these components in schematic form.  A 
detailed description of each follows.    
1.2.1. Laser Source 




corresponding to different wavelengths.  
He-Ne lasers emit a highly collimated beam of lights at a wavelength of 632.8 nm; Ar
+
  
lasers emit at 488.0 and 514.5 nm, and Kr
+
 lasers emit a wavelength of 530.9 and 647.1 
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nm.[13]  The incident wavelength must be chosen carefully, as many samples undergo 
photodecomposition at shorter wavelengths.  Also, some samples fluoresce and others 
absorb the incident radiation or the Raman scattered radiation.  The optimum wavelength 
for a system would result in high intensities, low photodecomposition, low fluorescence, 
low and absorbance.[13]  Pulsed lasers have also been implemented to optimize the 
excitation wavelength; short pulses also allow for time-resolution techniques to reject 
background fluorescence. 
1.2.2. Sample Cells 
Raman may be acquired on gas, liquid, and solid samples.  Since both the exciting and 
scattered radiation is in the visible region, both glass and quartz may be used as sample 
chambers.  Commonly, capillaries are used for liquid analytes.  Since water is a weak 
Raman scatterer, the solutions may be in an aqueous environment.  This is advantageous 
for both inorganic and biological samples.  For gaseous samples, a higher powered laser 
is needed and a specially designed sample cell is often used.  For solids, very little sample 
preparation is needed.  The solid can be mounted within the laser beam and does not need 
to be in a special sample holder.[13] 
1.2.3. Wavelength Selector 
The use of a wavelength selection device is very important with Raman spectroscopy.  
Raman spectra require a high degree of resolution (less than 5 cm
-1
) in order to separate 
the weaker Raman lines from the intense Rayleigh scattering.  To improve upon this 
resolution, multiple monochromators may be utilized.  Presently, holographic gratings are 










Figure 1.3. A schematic representative of the components composing a normal 
Raman spectrometer are presented.  Components include a laser source, a sample 
cell, a wavelength selector, a radiation transducer and the appropriate signal 

















1.2.4. Transducer and Readout System 
Historically, Raman spectrometers used photomultiplier tubes as detectors.  More 
recently, photon counting systems replaced photomultiplier tubes because of the 
improved signal to noise ratios for the weak Raman signals and their residual background 
noise.  Additionally, photon counting provides accurate results at high intensities, 
allowing for its use for a variety of Raman intensities.[13]  Today, linear diode arrays and 
CCD detectors are routinely used to acquire a complete Raman spectrum in a decreased 
amount of time.   
1.3. Early Raman Studies 
Systems studied in the gas phase are limited due to experimental limitations.  A variety of 
analytes in the gaseous phase were studied using Raman in the early to mid 1900's.[25-
33] A few examples are methane,[34] inorganic halogenides,[35] oxygen,[36] carbon 
disulphide,[37] carbon dioxide,[38] and methylamine.[39]  Most gaseous state studies 
were also compared to the liquid state.  In the case of methylamine, spectral bands varied 
in both intensity and shift in wavelength.  For example, the magnitude of an N-H shift 
due to hydrogen bonding between NH2 groups in the liquid would not occur to an 
appreciable extent in the gas phase at the lower pressure experiments were carried 
out.[39]  Typically, analysis of gaseous samples required large scattering columns, a 
powerful light source, and a fast spectrograph.  Stray light must be eliminated in these 
studies, and some columnation of the scattering beam is required to avoid scattering by 
the glass chamber holding the gas itself.[39]   
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For early Raman studies of molecules such as DNA, bulk samples were required, 
typically in solid form or concentrated aqueous solutions.  Otto et al. studied aqueous 
solutions of individual DNA bases (no phosphate backbone or sugar moiety were 
included) to establish the spectral bands associated with each base.[8]  Other studies have 
been carried out on DNA oligonucleotides, where the structural changes in DNA were 
monitored.  Characteristics of B-type conformations of DNA were investigated based 
upon the Raman band intensities.[40-47]  One study looked into eight DNAs where four 
had varying GC content and four were periodic DNA polymers.  Bands in the region of 
800 - 850 cm
-1
 showed some dependence on the GC content as well as the base pair 
sequence.  Additionally, bands attributed to A-family and B-family at 809 and 835 cm
-1
, 
respectively, were observed indicating that DNA was in both conformations in solution.   
 
Receptor binding induced conformational changes have been studied as well.[48-54]  
One study looked into the secondary structure of the cAMP receptor protein, referred to 
as CRP.[49]  CRP in solution and CRP cAMP cocrystals were compared.  The amide 
regions of the spectra, Amide I 1630-1700 cm
-1 
and Amide III 1220 - 1300 cm
-1
, were 
compared for varying concentrations of CRP in solution and the distribution of 
conformations appeared to be the same for all solutions despite buffer and CRP 
concentration.  In contrast, comparison of the spectra acquired on the CRP-cAMP 
cocrystals to spectra of CRP alone showed spectral differences in the two amide regions, 
suggesting conformational changes in the secondary structure upon cAMP binding to 
CRP.  These initial DNA and protein based studies paved the way for future work in the 
field. 
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1.4. Discovery of Surface Enhanced Raman Scattering 
In 1974 Fleishmann et al. employed Raman spectroscopy to study adsorption of 
molecules at an electrode surface.  Specifically, pyridine at a silver electrode surface was 
investigated.[55]  Pyridine was chosen due to its strong Raman scattering and its ability 
to absorb at the solid-gas interface.[56-57]  This was the first time Raman was used to 
investigate monolayer adsorption at electrode surfaces.  The electrode was subjected to 
cyclic linear potential sweeping in the electrochemical cell for 15 minutes at 0.5 V sec
-1
 
between + 200 and – 300 mV in preparation for studies.  The formation and reduction of 
silver chloride during each cycle resulted in substantial etching of the silver surface; 
resulting in approximately a tenfold increase in surface area.   
 
Spectra acquired on pyridine adsorbed to the electrode surface diffuses considerably in 
comparison to that acquired using acidic oxide surfaces as the substrate.[56-57]  Aqueous 
pyridine showed peaks at 1037 and 1005 cm
-1
 whereas at the electrode, pyridine showed 
peaks at 1036, 1025, and 1008 cm
-1
.  Interestingly, the band at 1025 cm
-1
 decreased with 
potential in the cathodic direction indicative of pyridine coordinating to the metal surface 
through the nitrogen atom. 
 
Raman spectroscopy provides information regarding structural components of molecules 
of a system.  Unfortunately, this technique is limited by the low signal intensity due to the 
small number of photons Raman scattered.[10]  At first it was thought the enhancement 
was due to the increased number of molecules able to exist on the roughened surface, 
however two research groups determined the enhancement to be an intrinsic surface 
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in comparison to bulk material marking the beginning of what is now known as surface 
enhanced Raman spectroscopy (SERS).[11]  
 
Albrecht and Creighton expanded on Fleishmann’s studies in 1977.[58]  In their early 
study, spectra for pyridine adsorbed to a silver electrode were acquired before and after a 
single oxidation-reduction cycle and compared.  A single voltage sweep was applied and 
after the cycle, the spectral bands were almost five times more intense for the ring 
breathing modes and compared to the spectrum acquired before the sweep.   
 
The Raman spectrum acquired for the bulk pyridine solution after removal of the 
electrode was devoid of the band at 1025 cm
-1
 verifying that this band was due to 
pyridine adsorbed at the electrode surface.[55]  Other bands at 1000, 1036, 1218, and 
1605 cm
-1
 showed an increase in intensity as well but not to the extent of the 1025 cm
-1 
band.  The increase in surface area due to electrochemical roughening[60] was 
determined to be 10 – 20 %, improving upon previous studies.[55] 
 
Based on calculations performed by Fleishmann, the increase in pyridine adsorbed at the 
electrode surface could not account for the increase in intensity.  Albrecht and Creighton 
suggested that a surface effect increasing the molecular Raman scattering cross sections 
may be accountable.  Previously, Philpott suggested that at roughened metal surfaces a 
broadening of electronic energy levels for bound molecules existed.[56-57, 61]  Based on 
this observation, an interaction with the surface plasmons at the roughened metal surface 
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was proposed to be responsible for the intensity increase in the Raman spectra.  
Resonance Raman had been previously reported for conjugated chromophores[62] 
leading to a possible explanation for the enhanced signal at the roughened electrode 
surface for pyridine. 
 
In addition to Albrecht and Creighton, Jeanmaire and Van Duyne independently 
investigated pyridine on a roughened silver electrode.[59]  They set out to validate and 
expand on the use of Raman to investigate species adsorbed on electrode surfaces.[55, 
63-64]  An increase in Raman intensity was also seen using their system, prompting a 
systematic investigation to determine the parameters influencing the intensity using 
pyridine as the probe molecule. 
 
Spectra were also acquired on adsorbed pyridine at a silver electrode surface and bands 
were observed at 1008 and 1036 cm
-1
 at a higher intensity than the aqueous solution.  An 
additional band at 3067 cm
-1
 was observed corresponding to a C-H stretch that was 
obstructed in aqueous solution.[59] 
 
In previous studies, the Raman intensity was dependent upon the method of preparation 
of the electrode.[59]  When the pyridine solution was held at a potential of – 0.6 V in 
relation to the SCE the signal was roughly 10 times higher than pyridine in solution.  If 
anodization was carried out in the presence of pyridine the signal increased up to a factor 
of 50.  Addition of pyridine post anodization provided similar results.  Through continued 
experimentation, Jeanmaire and Van Duyne concluded that an increase in signal only 
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occurred when the AgCl at the electrode surface was indeed reduced, creating a  
roughened or etched surface.[59]      
 
Jeanmaire and Van Duyne attempted to correlate the increased response with the number 
of molecules that could occupy the surface of the electrode.  A pyridine molecule 
occupies 38 Å
2
 when in a flat configuration[65] and 25 Å
2
 in a standing orientation.   
Based on the latter dimension, as well as the parameters of the Raman experiment, the 
number of molecules sampled on the electrode surface was ~3 x 10
13
.  The normal 
Raman spectra of the electrode compared to the solution was 5 to 6 orders of magnitude 
greater than expected, suggesting that the electrode surface was indeed acting to enhance 
the signal.  Studies at various excitation wavelengths showed that the response was not 
due to a coupling of the scattering process with an electronic transition in the adsorbed 
molecule.  This is seen with molecules such as crystal violet and methyl orange where the 
analyte is resonant at a specific wavelength, leading to an enhanced Raman signal.[59]   
 
Upon further investigation, it was determined that etching the surface did not create a 
large enough surface area increase to give rise to the observed enhancement.  Hendra et 
al.[63] determined the surface area increase to be approximately a factor of ten post 
electrochemical roughening.  Since the signal increase was 50 fold, it cannot be 
accounted for by the surface area increase alone.  Jeanmaire and Van Duyne suggested 




1.4. Surface Enhancement Mechanisms 
Albrecht and Creighton as well as Jeanmaire and Van Duyne hinted that the enhancement 
they observed could not be strictly due to the increased surface area.  Instead they 
suggested that the enhancement was due to something at the surface where the scatterer 
was adsorbed.   Albrecht and Creighton[58] proposed a resonance from electronic states 
whereas Jeanmaire and Van Duyne[59] proposed an electric field enhancement.  Parts of 
each proposed mechanism, were in fact, correct.  Over the years, the surface 
enhancement has been attributed to two different mechanisms.  
1.5.1. Electromagnetic Enhancement 
Enhanced electromagnetic fields are supported by metal surfaces with the appropriate 
morphologies.[9]  The overall excitation of conduction electrons within a material, such 
as a metal, is referred to as a plasmon; when confined to a surface it is deemed a surface 
plasmon.  Figure 1.4 depicts a schematic representation of a surface plasmon confined to 
a spherical metal particle (represented by the blue sphere).  An external electric field 
(represented by the blue arrow) provides an excitation causing the conduction electrons in 
the metal surface to oscillate collectively; leading to a surface plasmon resonance 
(represented by the orange sphere).  Metals commonly employed are silver, gold, and 
copper because of their ability to support a surface plasmon.[66-69]  The interaction of 
the incident laser with the surface plasmon on these metal surfaces makes up the 
electromagnetic enhancement mechanism for SERS.[9-11]  
 
Early studies focused on electromagnetic enhancement resulting from interactions 











Figure 1.4. A schematic representation of surface plasmons confined to a spherical 
metal surface is presented.  Upon excitation from an external electric field, the 
conduction electrons in the metal surface collectively oscillate leading to a surface 
plasmon resonance.  The interaction of the incident laser with the surface plasmon 
on these metal surfaces is responsible for the electromagnetic enhancement 




King, Van Duyne, and Schatz[70] was deemed the "image field model" and attributes the 
enhancement to a large change in polarizability, calculated using the chosen parameters 
and treating the Raman emitting system as a combination of the Raman scatterer and its 
conjugate-charge image at the metal.  A dipole moment is induced on the molecule by the 
incident field as well as its image field.  This is expressed as             , where E 
and Eim are the incident and image fields and α is the molecular polarizability.  The term 
Eim can be described as                     
   where r is the distance between 
the point dipole and the metal surface.  Combining these two equations results in the 
overall expression,                  
              
     where      is the 
effective polarizability defined as                
              .  Using this 
set of expressions, King et al. demonstrated on a flat silver surface that at a distance less 
than r = 1.65 Å the Raman enhancement was in an excess of 10
6
 however when r = 2.00 
Å the enhancement fell to 10
2
.   This model was refined by Weber and Ford[71-73] using 
the expression presented by Kliewer and Fuchs[74] to account for the metals dielectric 
response, essentially removing the local assumption made by King et al.  They also used 
a spherical particle removing the point dipole restriction.  In doing so, the image effect 
decreases by ~10
3
 at comparable r values, showing the image-field enhancement is not an 
important contributor to SERS. 
  
Using the spherical particle model,[71-75] molecules located within the external electric 
field experience an induced electric field,                                      
where       is the dielectric function of the metal,     is the relative permittivity of the 
environment, and        is the applied external field from the laser.  Excitation of the 
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surface plasmon significantly increases the local electric field experienced by the 
molecule on the surface.  With a small increase in the local field, the Raman scattering is 
greatly enhanced.  The overall enhancement provided by this mechanism scales with   . 
1.5.2. Chemical Enhancement 
The electromagnetic mechanism alone is not enough to account for the magnitude of 
enhancement.  Since various molecules observed under the same experimental conditions 
gave different SERS intensities, another enhancement must exist independent of the 
electromagnetic enhancement.  Specifically, spectra acquired on CO and N2 differ in 
intensity by a factor of 200 even though the polarizabilities are comparable and the 
experimental conditions were held constant.[9]  This is difficult to explain with strictly an 
electromagnetic enhancement.  A logical explanation lies in a resonance Raman 
mechanism where new electronic states arise from chemisorption of the scatterer at the 
metal surface serving as intermediate states in Raman scattering.  Specifically, the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of the adsorbed scatterer are symmetrically placed in energy in relation to the 
Fermi level of the metal.[9]  When this is the case, charge transfer reactions, either the 
molecule to metal or metal to the molecule, may occur at half the energy of the molecular 
vibrations intrinsic to the adsorbate. 
 
Chemical enhancement requires chemisorption of the Raman scatterer directly on the 
surface.[10-11, 76]  Evidence of this has been reported where metal-molecule stretching 
modes are observed in the spectrum.[77]  Additionally, when pyridine is adsorbed on 
different metal surfaces, specific spectral bands change in intensity.[78]  A change in the 
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polarizability of the scatterer due to charge-transfer or chemical bond formation between 
the metal surface and the molecule contributes to this mechanism.  The enhancement 
requires that an overlap between the adsorbate and the metal substrate exist and scales at 
approximately   .[10-11, 59]   
 
In systems where both a chemical and electromagnetic aspect come into play, the 
mechanisms are multiplicative.[9]  Estimates of the overall enhancement per molecule for 
the contribution of both chemical and electromagnetic enhancement mechanisms, scales 




.[11, 58-59]  The enhancement factor for a given substrate and 
molecule may be calculated using,[24] 
   
              
             
               
             
  
The signal intensities used must take into consideration the integration time used in the 
measurements.[24]  Additionally, incident surface power and beam dimensions must be 
considered in determining the number of molecules excited when comparing SERS and 
normal Raman intensities.[79]   Taking these additional parameters into consideration, 
one calculates the SERS surface enhancement factor (SSEF),[79] 
     
     
      
   
       
 
where ISERS and IRS are the SERS and normal Raman intensities, respectively, µM is the 
surface density of the individual nanostructures, µS is the surface density of the molecules 
on the substrate surface, AM is the surface area of the metallic surface, cRS is the 
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concentration of the solution used, and Heff is the effective height of the scattering 
volume.  Enhancement factors up to 10
14
 have been reported for single molecule 
detection.[80-81] 
1.5.3. Distance Dependence 
Electromagnetic enhancement is a long range effect that does not require the adsorbate be 
in direct contact with but within a few nanometers of the metal surface.[10, 23, 76]  In 
contrast, the chemical enhancement is short-ranged and requires the adsorbate to be 
chemisorbed directly to the surface.[11, 82]   
 
Gersten and Nitzan[83] investigated the distance dependence of hemispheroids with 
varying dimensions.  See Figure 1.5 for schematic drawings of the hemispheroid shapes 
investigated.  The enhancement ratio was plotted as a function of distance from the 
surface for the particles and it was observed that the enhancement was greatest at the 
surface and fell off with increasing distance.  The hemispheroid shape played a role in the 
severity of the intensity fall off where a less eccentric particle had a more gradual fall-off 
of intensity with "significant" enhancement factors out to a larger distance than more 
eccentric spheroids.  Essentially, a more spherical particle will have less severe distance 
dependence, whereas an ellipsoidal particle will have more significant distance 
dependence.  Gersten proposed that this effect was due to the image enhancement effect 












Figure 1.5.  Presented are drawings representing different hemispheroid shapes.  
The top image is a perfect circle, and is the least eccentric particle of the three 
shown.  The bottom image is the most eccentric particle, having a more ellipsoidal 




Recently, Dieringer et al. studied the effect distance had on SERS enhancement.  They 
employed atomic layer deposition (ALD) to fabricate a spacer of a controlled distance 
from the roughened metal surface.[82]  ALD was used to deposit uniform layers of 
aluminum oxide (Al2O3)[84-85] at thicknesses ranging from 0.0 nm to 4.8 nm.  Ag film 
over nanosphere (AgFON) (a detailed description of these substrates is provided in 
section 1.6.3 of this chapter) were used as the base substrate for SERS studies.  
Previously, Equation 3, explained by the dipole decay law,[9] had been used to correlate 
the fall-off of SERS intensity with distance from the surface for a monolayer of 
molecules.[86]  I represents the intensity of the Raman mode, r is the distance from the 
surface to the adsorbate, and a is the average size of the field enhancing feature. 
                                (3) 
For larger areas of curvature, this response can appear long-ranges, however for smaller 
radii id may appear to be closer to a surface effect.[9]  Studies of pyridine on AgFON 
with increasing Al2O3 spacer distance showed that 2.8 nm from the substrate surface, the 
enhancement decreased by tenfold.  The acquired data was plotted and compared to 
Equation 3 and was almost a perfect fit showing little to no enhancement at a distance of 
4.8 nm from the surface.[82]  Other studies have shown that the large electromagnetic 
field produced by the plasmon(s) at the surface of a nanoparticle is at most 10 nm.[87] 
1.6. SERS Substrates 
The strongest SERS enhancements are seen with coinage metals (silver, gold, and 
copper) due to their ability to support a surface plasmon; however the effect is expected 




.[59, 75, 88-90]  In addition to substrate 
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composition, the shape of the substrate plays a crucial factor in the surface enhancement.  
For example, the electromagnetic field is at a maximum for regions with high curvature, 
ultimately resulting in greater SERS enhancement.[91]  Evidence of this has been 
reported by Murphy and co-workers on isolated silver and gold nanoparticles of various 
aspect ratios.[92]   
1.6.1. Nanoparticles 
Silver and gold nanoparticles are the most frequently used SERS substrates due to the 
ease of preparation and well characterized SERS properties. [9, 11, 93-99]  Silver 
nanoparticles are produced by the reduction of a silver salt (typically silver nitrate) by 
reducing agents such as sodium citrate,[100] EDTA, or sodium borohydride.[101]  
Nanoparticles produced from citrate or EDTA reduction tend to be more stable over time 
and are thus the preferred method of preparation.[102]  
 
Gold nanoparticles are made in a similar fashion as silver, where chloroauric acid is 
reduced using reducing agents such as sodium citrate,[103] tetraoctylammonium bromide 
(in an organic layer such as toluene),[104] or hydroquinone.[105]  For the same reason as 
silver, the citrate reduction is the most common and stable method.  With both silver and 
gold, the size may be controlled based on the amount of reducing agent used in 
comparison to the metal.  
1.6.1.1. Nanoparticle Aggregation 
Junctions between nanoparticles where electromagnetic fields may overlap will generate 
large field enhancements and may even allow for single molecule detection.[80, 93]  
These fields are generated by the localized surface plasmon resonance of the 
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nanoparticles and may be tuned based on the size, shape, and degree of aggregation of the 
nanoparticles.[106]  Through controlled aggregation, the "hot-spots" created by the 
electromagnetic field overlap may be taken advantage of.[24, 107-108]  Additionally, 
nanoparticles may be used in combination with other metal surfaces where both metal 
surfaces contribute to the SERS enhancement.[2, 109-110]  See Figure 1.6a for a 
schematic of these SERS substrates.   
1.6.2. Nanoshells 
Metal nanoshells typically consist of a dielectric core with a metallic shell of nanometer 
thickness, whose optical resonance can be "designed" in a controlled manner.  By varying 
the dimensions of the core and shell material in relation to one another, the optical 
resonance of these nanoparticles can be varied over hundreds of nanometers in 
wavelength, across the visible and into the infrared region of the spectrum.[111-114]  
Halas and co-workers use these metallic nanospheres as SERS substrates for various 
biomolecular detection.[1, 113-117]  Specifically, a silica core was used as a base and a 
gold shell was deposited around the outside serving as the SERS active portion.  See 
Figure 1.6b for a schematic of these SERS substrates.   Strongest Raman enhancements 
were reported when enough gold was deposited on the silica cores to form a nearly 
complete metal shell, creating a consistent electromagnetic enhancement throughout the 
surface of the particle.[114]  
1.6.3. Film over Nanosphere 
A monodispersed population of nanoparticles may be fabricated and confined to a surface 
using nanosphere lithography.[118-120]  Specifically, a suspension of nanospheres are 
coated onto a base substrate and allowed to self-assemble into a hexagonally closed-
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packed colloidal crystal serving as a deposition mask.  Once the colloidal crystal 
deposition mask is formed, Ag films of various thicknesses are deposited over the 
nanosphere mask.  Van Duyne and coworkers deemed these structures film over 
nanosphere (FON) substrates.  Specifically, they employed silver over silica nanospheres 
(AgFON) for studies.  See Figure 1.6c for a schematic of these SERS substrates.  These 
substrates proved to be thermally stable, SERS-active, and suitable for use in ultrahigh 
vacuum (UHV) conditions.[120]  AgFON have been used to study the localized surface 
plasmon properties of nanostructures,[87, 119, 121-122] distance dependence of the 
SERS electromagnetic enhancement mechanism[82, 84] detect single molecules,[123-
124] and detect biomolecules.[125-129] 
1.6.4. Nanorods 
Enhancements associated with high curvature regions have been deemed the "lightening 
rod effect" and can contribute to 10
6
 or greater enhancements for molecules at the tips of 
these needles or in pores.[83]  Additionally, oscillations of the localized surface plasmon 
will take place along both the width (transverse plasmon band) and the length 
(longitudinal plasmon band) of the nanorod.[92, 130-131]  The two waves can be tuned 
based on the aspect ratio of the particle.  The overlap of both the longitudinal and lateral 
plasmon bands produces a strong electromagnetic enhancement at the rod ends.[92]  
Based on these effects, nanorod arrays should provide great enhancement between the 
nanorods in the array as well as the ends. 
 
Nanorods have been fabricated in an array structure[132-141] as well as in solution in a 










Figure 1.6.  Presented are drawings representing different SERS substrates. a.) 
represents a single nanoparticle as well as a nanoparticle in a "sandwich" assembly 
where an additional metal surface is employed to create a "hot-spot," b.) depicts a 
nanoshell substrate where a nanoparticle core coated with a metal shell, 
encompassing the entire core particle,  c.) presents a film over nanosphere schematic 
where lithography is used to create a base (dark grey structure) and a metal is 
deposited on top (light grey structure), and d.) depicts a nanorod shaped substrate 
able to move freely.   
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of axial growth.[92, 142]  See Figure 1.6d for a schematic of the latter nanorod SERS 
substrates (for an image of the former nanorod substrate see Figure 2.11 in the next 
chapter).   SERS substrates comprised of silver nanorod arrays have been shown to be 
highly uniform in structure, easy to fabricate, and provide high signal 
enhancements.[133-134, 136-137, 139-141, 143-148]  These substrates show promise as 
solutions to the existing impediment to biosensor applications.[1, 125, 149-152]  
1.7. Applications of SERS 
1.7.1. Single Molecule Surface Enhanced Raman Scattering (SMSERS) 
Kniepp and co-workers report NIR-SERS based single molecule detection of crystal 
violet in a solution of  silver colloids.[80]  A water immersion lens was used so that direct 
contact could be made with the solution while spectra were acquired.  The ratio of 
molecules to colloids in solution was calculated to be 0.6, less than one molecule per 
colloid, in order to limit the number of molecules able to exist on a single colloid.  
Experimentally, spectra were acquired every second and plotted for comparison as 
molecules were likely to come in and out of the volume of solution interrogated by the 
laser.  Single molecule detection was claimed based on the fact that a majority of the 
spectra were void of spectral bands associated with crystal violet.  A few spectra, 
however, did contain peaks correspondingto crystal violet.  Kneipp and co-workers 
concluded this was due to the detection of single molecules at the silver colloid 
surface.[80] 
 
Nie and co-workers also investigated single molecule SERS around the same time as 
Kniepp.[81]  Spectra on both single molecules and single nanoparticles were achieved at 
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room temperature.  Individual silver colloidal nanoparticles were used to amplify the 
spectroscopic signatures of adsorbed rhodamine-6G (R6G) mol                                                                                                                             





larger  than the ensemble-averaged values derived from conventional measurements. This 
enormous enhancement leads to vibrational Raman signals that are more intense and 
more stable than single-molecule fluorescence.  Van Duyne and co-workers have also 
reported detection of single R6G molecules on silver nanoaggregates.[123]   
1.7.2. Biomolecular Sensing 
Nanoparticles coupled with SERS have been used to detect a variety of biomolecules.  
Specific examples include but not limited to proteins,[153-157] wholes cells,[5, 151, 157-
160] bacteria,[161-183] and oligonucleotides.[1-4, 6-7, 109, 115, 152, 154, 184-186]  
Nanoparticle aggregation has also been employed to study biomolecules and 
biomolecular interactions.  A few examples include antibody/antigen, [116, 155Bardhan, 
2009 #1596, 187-188] and streptavidin/biotin[187, 189-190] binding interactions.  
Additionally, adenosine,[185, 191] glucose,[192] and toxic ions such as lead[191, 193] 
mercury and cadmium, [193] and lithium[24] have been studied using ligand based 
aggregation of nanoparticles.   
1.7.2.1. Pathogen Detection 
1.7.2.1.1. Viruses  
Recently, there have been several reports for the use of SERS for virus detection.  Direct 
spectroscopic detection of an intact virus has been reported.[139, 194-196]  Specifically, 
virus specimens have been identified using very small volumes without manipulation of 
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the virus itself[139] and enveloped versus non-enveloped viruses are spectrally 
distinguishable.[194]  Indirect detection using virus biomarkers[197] or a "sandwich" 
assembly using more than one metal surface[198-200] has also been reported. 
1.7.2.1.2. Bacteria Cells 
Distinguishing characteristics between different cell lines lie in the protein coat along the 
outside of the cell where the protein make-up is distinct for different bacterial cells.  This 
change in protein composition had been studied using SERS, in turn identifying the 
bacterium present in a sample.  A number of studies have been performed utilizing SERS 
with a variety of substrates: in situ silver[181-183] or gold[177] colloids, silver [163, 
165-166, 168-174, 179-180, 201] or gold colloids[163] added post cell growth, silver 
nanorod arrays,[162, 176] silver coatings,[181] silver nanoparticles with antibodies,[202] 
and biofilms.[203]  Methods have also been employed using Raman with optically 
trapped bacteria,[161] optically trapped bacteria coupled with confocal Raman[204] as 
well as studies performed using confocal Raman alone.[165-167, 178, 205] 
1.7.2.1.3. Nucleotides 
One of the first studies focusing on nucleotides was performed by Otto and co-workers in 
1986 on a silver electrode surface.[8]  Spectra were acquired for single nucleotide bases 
using both normal Raman and SERS and the spectral band locations were compared.  The 
normal Raman spectra were also acquired on these nucleotides.  Comparison of the 
spectra revealed a significant shift in spectral lines as well as new lines between the 
normal Raman and SERS.   
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Mirkin and co-workers have used nucleotide induced aggregation of gold nanoparticles 
for detection of DNA hybridization.  Nanoparticles functionalized with a probe 
oligonucleotide were forced to aggregate upon addition of nanoparticles functionalized 
with the complementary DNA strand.  The spectral signatures for the DNA were 
enhanced due to the spatial location of the oligonucleotides between two particles.[7, 
187, 206]  
 
Halas and co-workers[1, 111-117, 156, 207-210] have employed gold nanoshell 
structures to detect DNA hybridization.  In a similar fashion to Mirkin and coworkers, 
one nanoshell solution was functionalized with a probe oligonucleotide and another with 
the strand complementary to the probe.  Upon combining the two nanosphere solutions, 
hybridization was monitored using SERS.  Hybridization of DNA located within the 
nanometer-sized gap between the two nanospheres, i.e. within the "hot-spot," was suggest 
as the basis for enhancement of  the spectral bands for the nucleotide bases.[1, 115]  
 
Also reported was the use of a thermal cycle prior to deposition of the DNA onto the gold 
nanoshell surface.  Using this thermal pretreatment seemed to allow for the DNA to pack 
more tightly at the surface, ultimately leading to better signal to noise ratios as well as 
improved variability from substrate to substrate.  Additionally, hybridization appeared to 
be more efficient when the thermal pre-treatment was employed.[1]  It is important to 
note, however, that no distance dependence was observed or reported for DNA ranging 
from 20 - 70 bases in any of the studies.  Adenine peaks were visible in the spectrum 
regardless of concentration or distance the base was located from the surface.[1] 
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Green and co-workers have developed a silver toroid SERS substrate for DNA 
detection.[6]  Spectra were acquired on oligonucleotides 18 bases long in combination 
and alone.  The relative intensity change with composition was noted and a ratio was 
used to compare the different sequences to one another.   DNA hybridization was 
investigated as well and single base mismatches were identified with no distance 
dependence reported. 
 
Graham and co-workers[3-5, 184, 211-212] have performed numerous studies using 
nanoparticle aggregations and assemblies for detection of oligonucleotides.  Specifically, 
they employed a Raman label as well as nucleotides for detection of DNA hybridization.  
Since changes in nucleotides sequence is often difficult to distinguish, a Raman reporter 
is used to verify that hybridization has taken place.  Specifically, silver nanoparticles 
were functionalized with single stranded DNA, complementary to an fluorescently tagged 
oligonucleotide in solution.  Upon successful hybridization, the fluorescent label was 
enhanced by the silver surface and provided ample signal in the resulting SERS spectrum. 
 
An crucial aspect of DNA hybridization assays is the orientation of  the DNA on the 
substrate surface.  X-ray photoelectron spectroscopy (XPS) has been employed to 
investigate the conformation of thiolated and nonthiolated DNA at a gold surface.[213-
214]  The XPS spectra were monitored for the response associated with the nitrogen 
atoms in the base for both thiolated and nonthiolated oligonucleotides consisting of only 
thymine bases.  Additionally, the formation of a complete monolayer was monitored 
 31 
based on the nitrogen response and correlated to the surface coverage.  Results from the 
study suggested that thiolated DNA, when allowed to form a complete monolayer, was 
standing up off the surface.  The contribution from the nitrogen in the ring of the thymine 
base was no longer present in the XPS spectra upon monolayer formation.  
 
In addition to XPS, electrochemical methods have been employed to investigate the 
conformation of DNA on electrode surfaces.[215-219]  One such study looked into the 
surface density of DNA at a gold electrode surface to evaluate hybridization efficiency as  
function of monolayer coverage.  Specifically, the number of nucleotide phosphate 
residues were calculated using the amount of cationic redox marker measured at the 
electrode surface.  Based on the electrode response observed, monolayer coverage of 
thiolated DNA was achieved however it was not the condition where hybridization was 
most efficient.    Hybridization was the most successful when a  spacer was implemented 
to allow room for the complementary strand of DNA to bind to the probe for in situ 
studies.  
 
Overall, SERS is a sensitive and viable means for detecting analytes at the surface of a 
roughened metal surface.  The coupling of both a chemical and electromagnetic 
enhancement mechanism can produce enhancement factors up to 10
14 
relative to normal 
Raman allowing for single molecule detection.  Additionally, SERS may be utilized for 
biomolecule detection since the resulting SERS spectrum contains spectral bands unique 




INTRODUCTION TO GLANCING ANGLE DEPOSITION 
 
The purpose of this chapter is to introduce the reader to the method in which silver 
nanorod array SERS substrates were fabricated in this work.  A broad background is 
provided as well as details leading up to the use of glancing angle deposition to fabricate 
the arrays. 
2.1. Physical Vapor Deposition 
Physical vapor deposition (PVD) is a coating technique involving transfer of material on 
an atomic level; typically metals, where a thin film is deposited onto a surface at 
nanometer to micrometer thicknesses.  PVD processes are carried out under vacuum and 
typically involve four steps; 1) evaporation, 2) transportation, 3) reaction and 4) 
deposition.[19, 220-223]  Figure 2.1 shows this process schematically.  
 
During evaporation, the source metal is bombarded with a beam of electrons or ions 
using a high energy source (Step 1 Figure 2.1).  With this bombardment, atoms at the 
surface of the target metal are dislodged, as single atoms or clusters of them.  Some 
source materials require a high degree of heating, which in turn, requires a lengthy cool 
down period upon completion of the run.[19, 222] 
 
Following evaporation, atoms move from the target to the substrate in a transport step 
(Step 2 Figure 2.1).  The substrate is typically oriented close the source metal, and the 














Figure 2.1. Schematic of physical vapor deposition (PVD).  A source material is 
bombarded with an electron or ion source and atoms are dislodged (Step 1) and 
transported (Step 2) towards the substrate surface.  During transport, the atoms may 
react with the gas used in the chamber (Step 3) prior to depositing on the substrate 
surface (Step 4).    In some instances, the reaction step does not occur.  
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depending upon the identity and partial pressure of a gas during the process.  Commonly 
used gases are nitrogen, methane, and oxygen (Step 3 Figure 2.1).   The evaporated 
material may undergo a chemical reaction prior to the atoms depositing at the substrate 
surface.  This is typically the case when depositing metal oxides, nitrides, carbides and 
other such materials.  In processes where the source metal alone is the desired material, 
this step does not take place.[19, 221-222] 
 
The final step is the deposition itself (Step 4 Figure 2.1).  During this stage, the material 
coats the substrate surface and builds up to the desired thickness.  Deposition rates are 
typically slow to ensure even distribution of material as well as lower temperatures at the 
substrate surface.[12, 19, 220, 222]  A more detailed description of the effect substrate 
temperature has on the deposition is provided in section 2.2.1.3 of this chapter. 
2.1.1. Sputter Deposition 
Sputtering is a form of PVD for depositing thin films onto a substrate surface.  Under 
vacuum, gaseous plasma is produced to accelerate ions from the plasma into the source 
metal (Figure 2.2).  Coating material is passed into the vapor phase, primarily in atomic 
form, through ion bombardment of the source electrode (target) composed of the coating 
material.[18-19, 224]  For sputtering to take place, an energy source (RF, DC, mW) is 
required to sustain the gaseous plasma.  This energy source maintains the plasma state 
since throughout deposition as the plasma is losing energy to its surroundings.  Upon 
collision with the target, material is eroded away and atoms of a neutral charge are 
ejected towards the substrate resulting in deposition of the source material.  By 

















Figure 2.2.  Schematic of sputtering deposition.  The target is shown at the bottom 
where argon gas ions (green circle) are causing atoms (gold circle) to dislodge and 
evaporate towards the substrate surface.  In this image, there is both an inlet and 
outlet for gas to keep gas the system at a low pressure. 
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controlled.  During sputtering the pressure within the chamber is typically maintained at 
0.1 Torr.  An advantage to sputtering deposition in comparison to filament evaporation 
(described in section 2.1.2.1 below) is high melting point materials are easily sputtered 
without the concern of system heating.  This method is commonly used to deposit metal 
oxides.[12, 225] 
2.1.2. Thermal Evaporation 
2.1.2.1. Resistive Evaporation 
Sputtering deposition differs from resistive evaporation in that a heating element is the 
energy source responsible for vaporizing the source material as opposed to an ion source.  
When a high current is passed through a resistive element, heat is produced.  The most 
common form of source material are small metal pellets.  These pellets are typically 
heated within an aluminum oxide basket or a specially designed metal “boat” where the 
metal vaporizes and ultimately condenses on the substrate surface.[12, 221]  Figure 2.3 
presents a schematic of the evaporation process.   
 




 Torr, are used during evaporation to avoid collisions 
between the vapor atoms within the plume.[12]  To aid in maintaining vacuum, liquid 
nitrogen may be used to cool the chamber and reduce the vapor pressure of water within 
the chamber.[12]   Atoms strike the sample surface in a linear fashion to form a thin film 
of the desired thickness, dependent upon the rate and duration of deposition.  However, 
unlike sputtering, a high degree of heat is required to melt the metal pellets, causing the 















Figure 2.3. Schematic representation of filament evaporation.  Source metal is 
contained in an evaporation boat and heated until evaporation begins.  The sensor 
monitors the rate of deposition as well as the film thickness.  
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2.1.2.2. Electron Beam Evaporation 
The electron beam (e-beam) evaporation system is the most common method for PVD of 
metals.  In this method, the source metal is heated to a high temperature through electron 
bombardment in a high vacuum environment as opposed to direct heating.[19] Figure 2.4 
displays a schematic of this type of deposition.   
 
The quality of the deposited film depends upon the quality of the vacuum within the 
chamber.  For higher quality films, ultra high vacuum (UHV) is optimal.  Evaporation is 




 Torr) so that the flux 
undergoes an essentially collisionless (line-of-sight) transport to the substrate.[19, 222-
223]  At very low pressures, the mean free path of vapor atoms equals or exceeds the 
vacuum chamber dimensions, so these particles travel in straight lines from the 
evaporation source towards the substrate.[12, 221] 
 
The tool itself consists of a few key components.  A hearth holds the source metal in a 
crucible so that the electron beam is focused in a small region.  The hearth is typically 
water cooled to reduce the amount of heat given off upon melting the ingot.[12]  A 
rotating hearth is commonly used with multiple pockets for source metals allowing for 
sequential depositions with a single pump-down.[220]  This is an additional advantage 
over resistive evaporation.  Because the evaporation rate is dependent upon the 
temperature of the source metal, a mechanical shutter is employed to prevent flux from 
reaching the substrate during initial stages, since heating the source metal is not a rapid 















Figure 2.4. Schematic of an electron beam evaporator.  In this particular image, the 
electron beam is drawn in the 270° conformation.   
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Typically 1-10 kW of electrical power is used during deposition to create the electron 
beam.  During the ramping step, a higher power is used to initially melt the metal and 
during deposition, a slightly lower power is maintained.  The beam is focused and 
positioned using a magnetic field during the evaporation.  The preferred orientation of the 
electron beam is 270° as shown in Figure 2.4.  In this set-up, the filament itself is out of 
the way of the evaporating material.  
2.1.3. Plume Characteristics 
During evaporation, atoms form a plume within the evaporation chamber.[15]  Figure 2.5 
shows a schematic of the distribution of particle density within the plume during 
deposition.  The inner regions are dark blue and representative of denser regions and the 
lighter shades are representative of lower particle densities.  Depending upon substrate 
placement within the plume, the substrate temperature as well as the deposition rate may 
be controlled.  There exists a higher density of particles directly above the source metal 
(dark blue regions) and the particles decrease with distance from the source in both a 
vertical and horizontal direction (light blue regions).   
 
The angle particles strike the surface also changes with distance because of the 
dimensions and trajectory of atoms in the plume.  Upon movement of the substrate 
horizontally from the center of the source metal, atoms still follow a linear path and hit 
the surface at a non-normal incidence.  This is shown schematically in Figure 2.6.  
Although the angle change is slight, the features at the surface will be directly affected.  
Based on vapor plume characteristics, a longer throw distance is desired for some 













Figure 2.5. Schematic representative of the particle density within the evaporation 
plume during deposition.  The darker blue depicts regions with higher particle 
density and the lighter blue represents regions with lower particle density.  Arrows 
indicate the increasing distance from the source metal.  Typical ranges for high to 
























Figure 2.6.  Schematic of the linear trajectory atoms take during evaporation.  With 
substrates directly above the source (a.) the atoms strike the surface a slightly 
different angles than when the substrate is off-center (b.).  The angles at which the 
atoms hit the surface changes due to the plume characteristics and can affect the 
overall structure of the thin film.  Note, the atoms do not travel past the substrate, 




Additionally, the deposition rate decreases with distance and a slower deposition will 
contribute to the uniformity of the film.  
2.2. Glancing Angle Deposition (GLAD) 
It is well known that PVD results in films possessing a column like structure.  Typically 
during thermal evaporation, the substrate is oriented in such as way that the flux material 
strikes the surface at an angle of incidence of 0°.  However, upon positioning the 
substrate at an angle during deposition, thin films can be engineered to consist of unique 
structures.[226]  Earlier studies[227-231] were carried out where metals were deposited 
onto static substrates at non-normal, or oblique, angles.  A critical conclusion from these 
studies was that the grains grew towards the source metal, a detail later confirmed by 
Nieuwenhuizen and Haanstra.[232] More specifically, Konig and Helwig[233] 
recognized an increase in the atomic-scale shadowing, now referred to as “self- or 
ballistic shadowing,” during deposition at these oblique angles.   
 
Glancing angle deposition (GLAD) is a form of PVD that is used to fabricate porous thin 
films with engineered microstructures.  An important feature of GLAD is that the 
incident flux material is not parallel to the substrate normal but rather at an oblique angle.  
PVD of oblique incident flux coupled with limited adatom diffusion at the substrate 
surface results in a film with columnar microstructures oriented towards the source metal.  
Rotation during this evaporation along the azimuthal axis may be used to sculpt columns 
of various shapes.[234]  The traditional set-up for GLAD is depicted in Figure 2.7.  The 
following paragraphs describe the mechanisms behind film growth and the factors that 












Figure 2.7. Schematic of GLAD.  A motor may be employed to rotate the substrate 
(line labeled as φ rotation).  The tilt angle (line labeled as α, flux angle) is presented 
as well.  This parameter directly affects the overall structure of the columnar 
microstructures in the thin film.  Image adapted from (Robbie 1998)[17].  
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2.2.1. Columnar Structure Formation 
2.2.1.1. Nucleation 
Thin film deposition results from a material going through a phase transition from vapor 
to a solid at the substrate surface.[222]  Nucleation results when growth regions begin to 
form upon condensation of this flux material.[235-237]  The vapor provides constant flux 
of atoms incident on the substrate surface where once adsorbed, the atoms may diffuse.  
These adsorbed atoms, or adatoms, can either re-evaporate off the surface (or detach from 
existing nucleates) or join other adatoms and form nuclei.  The latter is favored once 
large nucleates form and it is no longer energetically favorable for an adatom to 
detach.[226]   Figure 2.8 presents a scanning electron micrograph (SEM) of nucleate 
formation at the start of deposition.  It is evident from the image that some nucleates are 
larger than others, and this will determine some of the thin film characteristics with 
continued deposition (described in more detail in section 2.2.2 in this Chapter).  It should 
also be noted that nucleation is random in nature.   
 
During nucleate formation, adatoms bound more strongly to the substrate surface grow in 
a monolayer type manner, referred to as Frank-van der Merwe growth.[238-239]  In 
contrast, if binding is stronger between the adatoms themselves, three dimensional 
structures result referred to as island or Volmer-Weber growth.[239]  A combination of 
these two growth mechanisms may occur as well and are deemed layer plus island or 
Stranski-Krastanov growth.[238-241]  These nuclei form regardless of the angle of 
















Figure 2.8. SEM image depicting nucleation on the substrate surface at the 
beginning of a silver deposition.  In this particular image, the incident flux angle was 
86°.  Scale bar denotes 200 nm. 
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2.2.1.2. Ballistic Shadowing 
Ballistic shadowing corresponds to the act of one particle blocking the region directly 
behind it from a second particle.  The principle behind ballistic shadowing in GLAD lies 
in the evaporated material nucleating on the surface at the beginning of deposition.  
During deposition, the non-planar surface (see Figure 2.8) exhibits line of sight, or 
ballistic shadowing, becoming a dominant factor as the film continues to grow.  
Eventually, regions directly behind these nucleation points are blocked from the incident 
vapor.  Upon further evaporation, material deposits onto the nucleus resulting in growth 
of a columnar-like structures.[226] With continued deposition, material builds up 
resulting in micro-column structures.  Additionally, since atoms favorably deposit onto 
these nucleates, columnar structures form in the direction of the flux material.   
 
The basis of shadowing lies heavily on the linear vapor trajectories of the incident flux.  
For improved shadowing, a longer throw distance is desired because collimation of the 
vapor material is improved with distance.  This distance is not indefinite though, it does 
reach a point where the particles begin to lose energy and collide with one another.  Upon 
collision, particles do not travel towards the substrate along the original linear path and 
may deposit in regions shadowed to begin with.  This effectively decreases the particle 
columniation at the substrate surface as well as formation of columnar structures.  E-
beams and sputterers are the preferred tools for GLAD where the low operating pressures 
and large working distances are advantageous.[17, 226]  Resistive evaporators are not 
commonly used due to excessive heating of the system that degrades the nanostructured 
surface. 
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2.2.1.3. Surface Temperature and Diffusion 
Diffusion of the flux material at the substrate surface is significant during initial 
nucleation and continued deposition.  As growth continues, vapor species deposit onto 
the substrate.[226]  The movement of adatoms during diffusion at the surface goes 
against the shadowing mechanism allowing adatoms to deposit in the shadowed regions.  
Factors influencing diffusion at the surface include the incident energy of the particles, 
the energy required for diffusion to take place, and the thermal energy provided by the 
environment.[240-241]  Part of the thermal energy comes from the temperature of the 
substrate, Ts, which will have an effect on the overall structure of the thin film.   
 
Early experiments concerning film growth as a function of Ts were carried out by 
Movchan and Demchishin.[14]  Regions of a substrate were held at various temperatures 
during deposition with a normal incident flux angle.  Results indicated a three zone 
model where distinct structural zones were observed at certain temperatures, deemed 
zones 1, 2, and 3.  These zones are presented and labeled in Figure 2.9.  The work looked 
into temperature transitions as a ratio in relation to the melting temperature of the source 
material, Tm.  Transitions were observed in between each zone and designated as T1 and 
T2.  Regardless of the material evaporated, the ratios of T1 and T2 to Tm values were 
consistent, T1 / Tm ≈ 0.3 and T2 / Tm ≈ 0.5.  These boundaries are indicated by the dashed 
lines in Figure 3.9. 
 
In zone 1 (T1 < Ts) the temperature is not high enough for significant diffusion and the 















Figure 2.9.  Schematic representation of the three zone temperature model.  With 
increasing temperature, transition temperatures are reached where a structural 
change is observed.[14]  Image adapted from Thornton.[18-19] 
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temperature, the first transition temperature is reached and results in zone 2 (T1 < Ts < T2).   
With this transition, the tapered columns in zone 1 begin to form a denser more defined 
structure with an increasing diameter.  Past the second transition temperature (T2 < Ts), a 
sufficient amount of thermal energy exists.  Due to this increase in thermal energy, 
recrystallization of the thin film occurs upon continued deposition in zone 3.  Because of 
these models, the structure of the thin film may be controlled or manipulated through 
substrate temperature and deposition rate.  With an increased temperature and flux rate, 
diffusion across the surface is higher whereas with a lower temperature and rate of 
deposition diffusion is limited.  Adatom diffusion at the substrate surface can alter the 
shape, size, and orientation of the growing microstructures.[19, 242-244] 
2.2.2. Column Development 
During initial growth, micro-columns are symmetrical about the growth axis.  Upon 
further deposition atoms deposit in such a way that they begin to fan out from the center 
and symmetry is lost.  Continued growth is an anisotropic process where growth is 
parallel to the incident flux;[20] there is no restriction on the lateral growth of the 
structure.  Columns will continue to broaden until they become wide enough to merge 
with neighboring structures.[245]  Column growth is an overall competitive process, and 
due to ballistic shadowing, smaller micro-columns may exist in the shadowed region 
behind a larger structure.[246]  Growth of these shadowed columns ceases and the larger 
columns dominate the thin film.  The dominating columns will grow in diameter in order 
to maintain the density of the thin film.  With increased deposition the columns become 
larger and decrease in number.   This development process is a distinguishing factor in 
the GLAD process. 
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2.2.2.1. Structure Control - Seeding 
An additional aspect that may be controlled is the periodicity of the structures at the 
surface.  The initial nucleation is a random event so structures are typically 
aperiodic.[247-248]  Figure 2.10a demonstrates this schematically.  The side view shows 
that not only are different sized nucleates possible, but they are not ordered and the 
spacing is inconsistent.  A great deal of overlap may occur as well, negatively impacting 
these substrates for some applications.  The top view further demonstrates the 
randomness of this phenomenon.  Ideally, nucleates would form uniformly with periodic 
spacing. 
 
Control of these structures can be accomplished in a couple different ways.  A post-
fabrication step can be used to etch away regions in which undesired growth has occurred 
or to create new structures within the thin film.[249-254]  This effectively changes the 
width and height of the structures but will not change the spacing or location.  If 
controlled spacing is desired, an additional step may be employed prior to GLAD 
deposition.  To control the nucleation at the sample surface, and in turn the shadowing 
mechanism, the substrate can be pre-patterned in order to dictate where the columns 
grow.  This is shown schematically in Figure 2.10b.  With this pre-patterning, the 
nucleation at the beginning of deposition is mimicked resulting in a periodic structure 
consisting of single, evenly spaced columns.[255]   
 
Patterning may be carried out using electron beam lithography of photoresist,[256-260] 
















Figure 2.10.  Schematic showing nucleates at the start of deposition.  Both a side 
and top view is shown. a.) depicts the random nature of nucleation without seeding 
the surface before deposition.  b.) depicts a seeded array where the nucleates are pre-
patterned prior to deposition.  By seeding the surface, the spacing and overall 
structure of the thin film can be controlled.   
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write lithography,[255, 265] and monolayers of self-assembled nanospheres.[266-267]  In 
designing the seed layer the flux angle, seed width, seed planar height as well as the 
lattice spacing must be taken into consideration.[255]  It is clear in Figure 2.10 that a thin 
film would have a structural difference when seeding is employed prior to GLAD 
deposition.  Uniform and periodic columns would result, ideal for some sensing 
applications (GLAD applications are described in detail in section 2.3 of this chapter)  
2.2.2.2. Structure Control – Angles and Rotation 
A relationship has been established between the incident flux angle, α, and the columnar 
growth angle, β, of the microstructures comprising the thin film.   Tait et al. studied the 
effects that changing α had on β.[20]  Figure 2.11 shows the relationship between α and 
β.  Also included is the Tait equation.  Based on this relationship, the desired growth 
angle may be achieved through deposition at the corresponding flux angle.  With a flux 
angle of 0°, a dense array results whereas a large, or oblique, flux angle around 80° 
results in a more porous array as seen in Figure 2.12.[17] 
 
Since the density varies with flux angle, the range of microstructures attainable is limited 
using a conventional single source deposition.  By implementing multiple sources and 
changing the amount of flux material coming from different angles simultaneously, the 
porosity may be held constant and the growth angle altered.[17]  By varying the location 
















Figure 2.11. Schematic of the flux angle, α, and the growth angle, β, for GLAD.  
Because of self shadowing during deposition, the flux angle determines the growth 
angle.  Both angles are measured from the substrate normal.  Image was adapted 
from [17].  Also included is the Tait equation demonstrating the fixed relationship 















Figure 2.12.  Schematic depicting the range of porosities when the flux angle is 
varied.  Two extremes are represented.  (a.) no tilting of the substrate results in 
vertical pillars and (b.) oblique angle of deposition results in slanted and porous 
arrays.  Intermediate thin films are possible as well.    Image adapted from [17]. 
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In addition to porosity, the physical nature of the structures within the array may be 
controlled.  Column broadening due to atomic shadowing was previously described in 
section 2.2.2 of this chapter.  Rotating the substrate during deposition reduces this 
phenomenon.  Rotation about an axis perpendicular to the substrate, φ rotation, allows for 
flux to arrive equally from all azimuthal directions and keep α constant (refer to Figure 
2.7).[234]  Rotation using an angle of 0.2° may be utilized to account for slight 
movement of the sample holder during deposition and hold the substrate at the same 
position throughout evaporation.[268]  
 
Additionally, a variation of φ rotation (refer to Figure 2.7) was studied by Jensen and 
Brett[269] and referred to as PhiSweep.  The basis behind this technique involved 
additional parameters such as sweep angle and sweep pitch.  Sweep angle refers to the 
angle the substrate is rotated during deposition and the sweep pitch designates the 
thickness of deposition in between rotations.  Essentially, a small amount of material is 
deposited before and after rotation in a repeating pattern, maintaining symmetry and 
hindering column broadening.[264]  In addition to controlling the broadening, the 
structure itself may be influenced.  If the sweep angle is large enough, growth takes on 
two different directions; towards the source at each substrate position.  The sweep angle 
may also be altered to effect the tilt angle of the columns at the substrate surface.[270]    
 
Other shapes such as “zig-zags”[17, 271] and coils have been fabricated by holding the 
flux angle constant, and rotating the substrate about its normal during deposition.[16]  













Figure 2.13.  Drawing depicting zig-zag (black) and coil (green and blue) shapes 
fabricated by holding the flux angle constant and rotating the substrate about its 
normal during GLAD deposition.[16]  The black zig-zag is the result of deposition 
moving the substrate 180°.  The coils result from rotating the substrate at a constant 
rate relative to the deposition rate.  Both the pitch of a coil and the growth angle can 
be controlled.  Specifically, the pitch can be held constant while β changes.  The 
green coil has a smaller β then the blue coil.[17] 
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structure), deposition was carried out at one angle and then the substrates were rotated 
about φ 180°.  Effectively, columns grow towards the source in two different directions 
resulting in zag-zags.  To create a coil-like structure (blue and green structures), rotation 
is carried out at a constant rate relative to the deposition rate.  The resulting 
microstructures consist of helices with a constant pitch.[16]  Using multiple rotations 
during deposition, the pitch of a coil can be held constant and the growth angle can be 
controlled to create the desired structure.  Robbie et al. demonstrated the pitch could be 
held constant and β changes.[16]  They showed this with two helices where one helix was 
deposited using conventional deposition with a single source and a single rotation point.  
A second helix was deposited with adding additional points of rotation and the structure 
was controlled where the pitch of the helix was maintained and β varied (green versus 
blue structure).   
 
An additional technique developed to control the structures at the surface became known 
as serial bideposition (SBD).[272]  During deposition, material is deposited at oblique 
angles and then abruptly rotated 180° every few nanometers.  Typically, competitions of 
the column broadening and tilting mechanisms during growth reduce the overall 
anisotropy of the thin film.  However, using SBD where the average deposition angle is 
normal to the substrate surface, vertical and highly pronounced anisotropic structures 
result.   
2.3. Applications of Substrates Fabricated Using GLAD 
Overall, GLAD can be used to produce a wide variety of substrates with a high degree of 
anisotropy dependent upon the deposition parameters.  Based on the desired use for these 
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substrates, the differing properties of thin films consisting of columns, coils or zig-zags 
may be advantageous.  The following is an overview of applications using GLAD 
substrates.   
2.3.1. Optical Sensors 
Typically optical interference coatings are created with materials of differing refractive 
indices resulting in coatings with specific transmission and reflection properties.[273]  
Using GLAD, the refractive index can be manipulated using a single source material in a 
controlled fashion by adjusting the vapor flux angle throughout deposition.  Tailoring the 
porosity also affects the refractive index.  Because of the small structure sizes, the arrays 
seem homogenous to light when the structures themselves are uniform in nature.[274]  
Upon manipulating the structural elements, the refractive index changes appropriately.  
This control allows for fabrication of structures with refractive index profiles desirable 
for optical interference filters, broadband anti-reflection coatings and birefringent 
omnidirectional reflectors.[244, 275-279]  
 
Additionally, sensitivity to environmental changes typical of optical coatings can be 
improved using GLAD structures.[280]  Functionalization of hydrophilic GLAD-based 
fibers with hydrophobic self-assembled monolayers (SAMs) results in optical filters 
insensitive to ambient water pressure.[281]  Furthermore, when used as humidity sensors, 
GLAD substrates can be fabricated to incorporate defects in the film resulting in narrow 
bandpasses whose spectral location as a function of humidity is easily tracked.  With 
increasing humidity, the peak shifts to longer wavelengths within the stop band.[274, 
280]  
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2.3.2. Increased Surface Area 
Based on the columnar structure making up GLAD thin films, a drastic increase in 
surface area is achieved.  This increase relies heavily on the material and deposition 
conditions.  It has been reported that the maximum surface enhancement in relation to a 
flat surface is achieved with a flux angle of 70°.[282]  An increase in column size 
coupled with a decrease in columns with an increased spacing account for the higher 
surface area.   
2.3.2.1. Electrode Systems 
With the increased surface area described above, an increased number of analyte 
molecules may bind the metal surface.  An example of this is with titanium dioxide 
(TiO2), commonly used for dye sensitized solar cells (DSSC’s).  Essentially, the greater 
number of dye molecules bound directly to the metal electrode increases the 
efficiency.[283]  This has been performed by Kiema et al. specifically using GLAD to 
fabricate their TiO2 structures.[237]  Solid oxide fuel cells have also been constructed 
using GLAD.[284]  Yitria-stabilized zirconium columns were back-filled with cerium 
oxide (CeO2) using a sol-gel, making a high interface density electrode structure.  This 
technique enhances the conduction efficiency of the reaction.   
2.3.2.2. Sensors Systems 
Since GLAD structures are porous, gaseous analyte may be introduced easily.  With the 
diffusion of gasses through the column structures, a change in the dielectric constant may 
be observed.  Thin films made of oxides, specifically silicon monoxide (SiO), TiO2, and 
aluminum oxide (Al2O3), are hydrophilic in nature.  This attribute causes capillary 
condensation of water vapor within the array.[250]  Because of the free flowing nature of 
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the gas, molecules are able to adsorb and desorb rapidly.  The response time is an 
improvement compared to other techniques.  Currently, a response time of 42 ms has 
been reported.[285]  A more porous array will result in a lower sensitivity to humidity 
changes than those with a denser array because of the decreased pore size.  With this 
detail, sensors may be optimized for a specific process. 
2.3.2.3. Chemical Processes   
GLAD substrates have been used to monitor chemical reactions at the surface of the 
microstructures.  Specifically, platinum helical columns have been used to detect the 
catalysis of oxidation for automobile exhaust species such as CO, C3H6, and C3H8.[251]  
The conversion was not as efficient as other methods but is still promising in terms of 
future applications.  Another use of TiO2 films has been shown in monitoring the photo 
catalysis of the degradation of organic compounds bound to the surface.  The GLAD 
structures were analyzed by changing the flux angle and monitoring photobleaching of 
methylene blue dye.[286]  The response was optimal at a flux angle of 75°, close to the 
angle at which the surface area is the greatest.  Functionalization of metal oxide GLAD 
thin films has also been studied.[287-288]  Through hydroxyl functionalization, the 
columns become targets for siloxane-based chemical reactions.  Based on the treatment 
method, vapor or solution based, the wettability of the surface can be controlled creating 
an interesting approach for chemically tuning a surface.[226] 
2.3.3. Multifunctional Patchy Particles 
Pawar and Kretzschmar used GLAD to create multifunctional patchy particles with 
varying dimensions of “patchiness”, “branching”, and “chemical ordering”.  GLAD was 
coupled with a stamping technique to isolate particles and allow access to the entire 
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particle surface during deposition.[289-290]  The patch size on each particles was 
controlled by changing the angle of vapor deposition.  GLAD was carried out on a close-
packed colloidal monolayers and the substrate was tilted during deposition within an 
evaporator.  The monolayer was removed from the evaporator and repositioned with the 
opposite side of the nanoparticles facing the incident flux so that varying degrees of 
anisotropy were achieved on the same particle, producing “patches”.   This technique 
allows for the production of particles with varying dimensions of anisotropy.  One such 
use for these particles is as colloidal motors due to the electrical contacts resulting from 
metal overlap on the particle surface.[291] 
2.3.4. Silver Nanorod Arrays 
Recently, GLAD has been used to fabricate silver nanorod arrays.  The specific technique 
has become known as oblique angle deposition (OAD), a variation of GLAD.  Figure 
2.14 displays a scanning electron micrograph of a silver nanorod array.  These arrays 
have proven to be excellent substrates for use with surface enhanced Raman scattering 
(SERS).  These arrays have been shown to be highly uniform in structure, easy to 
fabricate, and provide strong, highly reproducible, SERS signal enhancements.[132-141, 
143-148, 162]  Through the shadowing and limited surface adatom diffusion, the array 
forms at a tilt off the surface.  Variation in the deposition parameters will result in 
nanorods of different aspect ratios.  The high SERS signal enhancement seen with silver 
nanorods results from the chemical and/or electromagnetic enhancement mechanisms 
described previously in Chapter 1.[58-59]  The electromagnetic field contributing to the 















Figure 2.14.  SEM micrograph depicting silver nanorod array substrates fabricated 
using oblique angle deposition. 
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curvature,[91] further supporting the use of nanorod arrays fabricated using OAD as 
SERS substrates.    
 
Length studies were carried out at a flux angle of 86° to determine the optimal aspect 
ratio to provide the greatest enhancement for trans-1,2-bis(4-pyridyl)ethane (BPE), a 
Raman active probe molecule.[134]  The SERS enhancement factors reached a maximum 
of 5 x 10
8 
as the nanorod length approached 868 nm and then decreased to 3 x 10
6 
as the 
nanorod length increased further to 1900 nm.  Although the enhancement was seen to be 
greatest for rods 900 nm long, significant enhancement is seen with slightly shorter rods 





PATTERNED SILVER NANOROD ARRAY SUBSTRATES FOR 
SURFACE ENHANCED RAMAN SPECTROSCOPY 
 
3.1. Introduction 
Recently, substrates comprised of silver nanorod arrays have been shown to be highly 
uniform in structure, easy to fabricate, and provide unprecedented signal enhancements. 
[134-141, 143-145, 147]  For silver nanorod (AgNR) arrays, a flux angle of 86° has been 
shown to be optimum for SERS applications.[134, 136-138, 226, 265, 274, 293]  
Variation in the levels of this and other empirical parameters negatively impacts the 
consistency of the physical characteristics and SERS performance of substrates fabricated 
by physical vapor deposition. One solution to this problem is to prepare multiple 
substrates per batch and to pattern each substrate enabling multiple analyses per 
substrate. 
 
Presented in this chapter is an improved method for batch fabrication and patterning of 
SERS substrates.  A modified platen for a commercial electron beam evaporator was 
designed to enable the simultaneous deposition of AgNR arrays onto six microscope slide 
substrates.  Following removal of slides from the evaporator, wells were patterned by 
contact printing of a polymer onto the nanorod array surface.  Well dimensions are 
defined by penetration of the polymer into the AgNR array and subsequent photocuring.  
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Inherent advantages of this method include: 1) simultaneous production of several 
nanorod array substrates with high structural uniformity, 2) physical isolation of AgNR 
arrays from one another to minimize cross contamination during sample loading, 3) 
dimensional compatibility of the patterned array with existing SERS microscope, 4) large 
SERS enhancement afforded by the nanorod array format, 5) small fluid volumes, and 6) 
ease of use for manual delivery of fluids to each element in the patterned array.  In this 
chapter, the well-to-well, slide-to-slide, and batch-to-batch variability in physical 
characteristics and SERS response are critically examined. 
3.2. Methods and Materials 
3.2.1. Substrate Fabrication  
SERS substrates were fabricated from standard 25 x 75 mm glass microscope slides.  The 
process began by immersing each slide in “piranha” solution for 30 min, copious rinsing 
with deionized water, and drying under a flowing nitrogen gas stream.  (Note: "Piranha" 
solution must be handled with care; it is extremely oxidizing, reacts violently with 
organics, and should only be stored in loosely tightened containers to avoid pressure 
buildup.)  Next, slides were placed in a CVC-601 DC Sputtering tool (Consolidated 
Vacuum Corp., Rochester, NY) and thin films of titanium (50 nm) followed by silver 
(500 nm) were deposited onto one side of the slide normal to the surface.  The titanium 
under-layer promotes adhesion of the silver to the glass surface.[292]   
 
The substrates were then positioned on the specially designed sample stage in a CVC-
SC5000 electron beam evaporator (Consolidated Vacuum Corp., Rochester, NY).  Silver 
(99.99% from Kurt J. Lesker, Clairton, PA) was deposited onto the slides at a deposition 
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rate of 3 Å/sec, a starting pressure of 1 x 10
-6 
Torr, and at a flux angle of 86° from normal 
until the deposition thickness on the quartz crystal monitor (QCM) reached a reading of 
1.5 μm.  Since the monitor is located closer to the source metal, this value is not 
representative of nanorod length or average film thickness (Figure 2.4).  The substrates 
were allowed to cool under vacuum for at least 10 min prior to backfilling the chamber 
with nitrogen and removal from the tool.  Substrates were packaged in UniMailer
TM
 slide 
holders (VWR Scientific Inc., West Chester, PA) and stored in a desiccator until 
use.[292] 
3.2.2. Substrate Patterning 
Each slide was mounted in a specially designed base (Figure 3.6a) with the nanorod array 
surface facing upward and in a fixed orientation with respect to nanorod growth direction.  
Next, a stamp comprised of aluminum round tubing (TTRA-05-12, Small Parts Inc, 
Miramar, FL) press fit into an aluminum plate was brought into contact with a thin film 
of UV curable epoxy (OG142, EPO-TEK, Billerica, MA) previously spread onto a clean 
microscope slide.  Then, the stamp was brought into momentary contact with the Ag 
nanorod array with a vertical load sufficient to transfer the polymer to the Ag substrate.  
The pattern transferred to the substrate consisted of 36 rings and a solid circular marking 
indicating nanorod growth direction as shown in Figure 3.6b.  The slide was removed 
from the base and exposed to UV light for 10 min (UltraLum Model EA40 UV 
Transilluminator, Claremont, CA) to cure the polymer.  Following patterning, slides were 
returned to the holder and stored as above.[292]  
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3.2.3. Substrate Characterization 
Substrates were characterized by scanning electron microscopy (SEM) using a Zeiss 
SEM Ultra60 scanning electron microscope (Carl Zeiss SMT Inc., Peabody, MA).  
Images were acquired with an accelerating voltage of 5 eV and at an incident angle of 52° 
relative to the surface normal.  To minimize charging artifacts, slides were attached to the 
holder using double-sided copper tape.  Images were collected in a minimum of five 
locations on each substrate for comparison purposes.  Analysis of image features was 
performed using SmartTiff
TM
, a software tool made available by Zeiss.   
 
Ion milling of the AgNR surface was performed using a FEI Nova NanoLab 200 dual 
ion/electron beam microscope (FEI Corp., Hillsboro, OR).  The substrate was imaged 
using the electron beam with a 10 kV operating voltage and a beam current of 0.54 nA.  
The ion beam uses a gallium ion source with beam current of 30 pA and an operating 
voltage of 30 kV.  To prevent beam induced damage of the surface, the ion beam was not 





SERS spectra were obtained with a Kaiser Optical Systems’ Holoprobe 785 spectrometer 
(Kaiser Optical Systems, Inc., Ann Arbor, MI) using an excitation wavelength of 785 nm, 
a 10x objective, an integration time of 10 sec and a surface power of 4.5 mW.  
Rhodamine 6G (R6G) was used as the SERS probe.  This analyte was used as received 
from Tokyo Kasei Kogyo Co. Ltd., (Toshima, Japan).  Stock solutions of 1.0 mM R6G 
were prepared in deionized water and in saline-sodium citrate buffer (1X SSC, pH=7.4).  
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This buffer is prepared in 150 mM trisodium citrate and 15 mM sodium chloride and pH 
was adjusted to 7.4 using hydrochloric acid (Thermo-Fischer Scientific, Inc., Waltham 
MA).  Test solutions were prepared by serial dilution of each stock.  To characterize the 
SERS performance of each substrate, 5.0 L aliquots of the test solution were applied to 
the desired well and allowed to dry in a desiccator.  A minimum of five spectra were 
recorded per well at random locations.  In some cases, spectra were acquired across an 
entire well at 25 m intervals.  Spectra were collected using GRAMS/32 (Galactic 
Industries Corporation), processed in Excel (Microsoft, Redmond WA), and background 
corrected using a program written in MatLab (The MathWorks, Inc., Novi, MI).  Spectra 
were not rescaled or normalized unless otherwise noted.  Figure 3.1 presents example 
spectra acquired for both R6G and DNA solutions.  The full spectrum (0 – 2000 cm
-1
), 
truncated spectrum (300 – 1800 cm
-1
), background corrected spectrum, and normalized 
spectrum are included to demonstrate that no spectral bands were shifted or lost during 
processing.   
3.3 Results and Discussion 
In conventional GLAD fabrication, a single substrate is positioned directly above the 
source material (see Figure 2.7).[234]  This ensures minimal variability in the flux 
angle[20] and maximal metal plume density[15, 294-298] during evaporation from one 
batch to another, assuming all other empirical parameters, including substrate location 
within the vapor plume, remain constant.  When additional substrates are positioned 
above or below this one, the nanorod array on each substrate will be of differing length 
and porosity.[143]  Substrates closer to the heated metal source will have longer 






Figure 3.1 Data processing used in comparing spectra to one another.  Spectra on 
the left represent a high enhancement factor probe molecule, rhodamine-6G, and the 
left are spectra representative of a lower enhancement scattered, DNA.  The peak at 
around 250 cm
-1
 in the full spectrum for both molecules is attributed to the Raman 




nanorods.  The growth angle will also vary with distance since vertical stacking requires 
that each successive substrate be slightly offset from the one below to avoid shadowing 
effects.[17]  This offset changes the flux angle and atomic vapor density.  In this context, 
we designed a holder that places each substrate at the same distance and fixed angle from 
the source, thereby minimizing the metal vapor flux angle and density variability.  This is 
shown schematically in Figure 3.2.  
 
A custom multi-substrate stage was designed specifically for use in a CVC electron beam 
evaporator; a photograph of the stage and all of its components is presented in Figure 3.3.  
The stage consists of a circular aluminum platen with four aluminum rod stand-offs 
machined to enable rapid and reliable placement into the multi-user evaporator (Figure 
3.3a.).  A square opening (17.0 cm per side) was cut into the platen to allow the metal 
plume to pass (figure 3.3b.).  Because the specific tool is equipped with multiple 
crucibles that can be rotated into position during an evaporation, the center of the square 
was located above the source position rather than at the center of the platen.  A hexagonal 
opening was cut into the center of a square aluminum plate with two aluminum 
positioning pegs extending below the plate for ease of placement into opening of the 
circular standoff plate.  To the square plate, six angled slide holders were mounted flush 
with the edge of the hexagonal opening and held rigidly in place by two screws (Figure 
3.3c.).  Standard 25 x 75 mm glass microscope slides were mounted onto each holder by 
placement of the long edge of the slide onto a 1.0 mm deep ledge that was cut into each 
holder; double-sided adhesive tap ensured that the slide would not move during transfer 














Figure 3.2.  This figure presents a schematic of nanorod fabrication using the 
custom built multi-substrate holder.  Positions of each of the glass microscope slide 
substrates in relation to the source metal are indicated by the numbers on the 







Figure 3.3.  Photographs of the components of the multi-substrate holder: A) side 
view of the circular aluminum platen showing the four aluminum rod standoffs; B) 
topview of the platen showing the square opening allowing plume to pass; C) 
topview of the square aluminum plate to which six angled substrate holders are 





8.5 cm and a vertical distance of 42.1 cm from the source and at a fixed angle of 80.9°.  
This angle provides a flux angle of 86° during metal deposition.  An individual slide 
holder is presented in Figure 3.3d.  The entire apparatus is shown assembled in Figure 
3.3e.   
 
An SEM micrograph of the Ag nanorod array is presented in Figure 3.4a and is typical of 
those obtained for all six substrates in each batch.  Images acquired in this fashion 
illustrate the consistency of nanorod thickness and spatial distribution; measurement of 
nanorod growth angle and length required FIB milling of a portion of the array to enable 
edge-on viewing (Figure 3.4b).   Analysis of images acquired following focused ion 
beam (FIB) milling of each substrate indicated that a consistent growth angle of 57 ± 0.5° 
and a flux angle of 86 ± 0.5° were achieved with our custom slide holder.  Nanorod 
lengths were 450 ± 15 nm across a single slide, 450 ± 20 nm across a batch, and 450 ± 15 
nm between substrates from different batches.   If the substrate holder was not centered 
above the source metal during deposition, the resulting array was unusable.  The change 
in particle density within the plume and incident flux angle creates arrays of varying 
porosities and aspect ratios. This is demonstrated in Figure 3.5.   
 
To maximize the number of samples analyzed per substrate, polymer wells were 
patterned onto the substrates through contact printing using the stamp depicted in Figure 
3.6.  The stamp assembly consists of a slide holder and stamp.  A rectangular slot was cut 
into an aluminum plate to rigidly hold the slide in fixed position during stamping.  Four 






Figure 3.4. a.) Typical SEM micrograph following deposition of Ag nanorod arrays. 
Image was obtained at an angle of 52° relative to the surface normal; b.) SEM 
micrograph following FIB milling of a portion of rods.  The scale bar denotes 1 m 
and is applicable to both images.  Note that the two images were acquired using 
















Figure 3.5. Ag nanorod arrays resulting from uneven centering of the substrate 
holder within the evaporator.   The porosity and lengths are different from the 
nanorods shown in Figure 3.4 where the appropriate flux angle and placement 





placed onto these guideposts to mediate the pressure applied to the substrate during 
stamping.  The stamp consisted of thirty-six aluminum tubes (0.18 mm outer diameter) 
positioned in three rows of twelve with 1 mm spacing which were press fit into second 
aluminum plate.  To mark the growth orientation of the nanorods, a closed end aluminum 
rod was press fit into the aluminum plate adjacent to one of the tubes.  In Figure 3.6a, this 
rod is located below the tube on the lower right side of the stamp.    
 
Circular wells were patterned onto the slide by momentary contact of the stamp, pre-
loaded with UV curable epoxy, onto the nanorod array.  This particular epoxy was chosen 
because: 1) walls can be created in a single application, 2) it has an indefinite handling 
time, 3) there is no out-gassing during curing, and 4) UV exposure did not diminish the 
SERS performance of the nanorods (see below).  Figure 3.6b shows a photograph of a 
patterned substrate.  The filled circle in the bottom left corner indicates that the direction 
of nanorod growth is up.  Each well holds up to 20 L of sample solution.  The number 
of wells per substrate can be readily increased and the volume of sample reduced by 
using tubing of smaller diameter.  From our experience, the spacing on the existing stamp 
of 1 mm between individual wells is optimal for preventing wicking of solution from 
neighboring wells. 
 
The SERS performance of each substrate was determined using R6G.  A 5 μL aliquot of 
an aqueous solution of R6G (10
-5
M), with or without buffer, was placed into the wells 
and allowed to evaporate.  Figure 3.7 presents a spectrum typical of those obtained for 










Figure 3.6. a) Photograph of the stamp assembly used for patterning nanorod 
substrates; Top portion represents the tubing that transfers polymer and the bottom 
portion hold the substrate during stamping.  b) Photograph of a patterned Ag 





corrected spectrum, demonstrating that no spectral information was lost during data 
processing.  The spectrum contains all the spectral bands expected for this molecule.  A 
surface enhancement factor[79] of 1 x 10
7
 was computed for the 1360 cm
-1
 band relative 
to bulk analyte.  This value falls within the range previously reported for SERS substrates 
produced by GLAD.[134]   
 
Figures 3.7a and 3.8a present photographs of two adjacent wells from the same slide 
following evaporation of 50 picomoles of R6G dissolved in water and in 1X SSC buffer, 
respectively.  In Figure 3.7a, the dotted line designates the area covered by analyte.  In 
Figure 3.8a, the entire area of the well is covered by analyte suggesting that the presence 
of salt in the sample solution dramatically increases the wettability of the AgNR surface.  
 
Spectra were acquired across each well in 25 m steps, along the red dashed line in the 
photographs in the figures.  The background corrected peak intensities obtained as a 
function of position are plotted in Figure 3.7b and 3.8b for the aqueous and buffered R6G 
solution, respectively.  The span of the x-axis in both plots encompasses the diameter of 
each well.  There is minimal variability in peak intensity of all four spectral bands across 
the well where analyte was deposited from water solution (Figure 3.7b).  This data 
suggests that there is uniformity in both analyte concentration and SERS enhancement 
within the array.[126]   In contrast, spectra acquired across the well containing buffered 
R6G displays peaks of lower intensity and greater variability (Figure 3.8b).  The reduced 
intensity is presumably due to the increased spatial distribution of analyte across the well 








Figure 3.7. a.) Optical image of a well on the patterned SERS substrate following 
evaporation of 5.0 L aliquots of R6G in nanopure water.  b.) SERS spectra were 
acquired in 25 m step increments along the red dashed line. SERS peak intensities 
for the spectral lines of R6G designated in the inset are plotted as a function of 
position across the well after background correction. Thin dashed line represents the 
evaporation spot for R6G. Note that the substrate used for this data had nanorods 









Figure 3.8. a.) Optical image of a well on the patterned SERS substrate following 
evaporation of 5.0 L aliquots of R6G in 1X SSC buffer.  b.) SERS spectra were 
acquired in 25 m step increments along the red dashed line.  SERS Peak intensities 
for the spectral lines of R6G designated in the inset are plotted as a function of 
position across the well after background correction. Note that the substrate used for 




increased variability in signal intensity as a function of position is most likely a result of 
spectral interference from salt crystal deposits on top of and within the Ag nanorod array 
(Figure 3.8a).  Figure 3.9 presents a zoomed in image of the crystal deposits.  Based on 
this finding, comparison of the SERS performance from well to well, substrate to 
substrate, and batch to batch was assessed using an unbuffered solution of R6G. 
 
Figures 3.10 through 3.13 compare the peak intensities for R6G acquired as a function of 
well number, substrate number and batch number.  Each data point is the average 
intensity of at least five spectra acquired at different locations with the well.  The error 
bar denotes the standard deviation from the average value.  It has been previously shown 
that the magnitude of SERS enhancement depends upon nanorod length.[134]  The length 
of the nanorod depends upon the plume density and duration of metal deposition.  As a 
result of the design characteristics of our substrate holder, the edges of each slide are 
located at distance of 0.17 cm farther from the source than the middle of the slide.  
Similarly, the top of each slide is located at a distance of 3.37 cm farther from the source 
than the bottom of the slide.    
 
Figure 3.10 presents a plot of peak intensity as a function of well number across a row of 
wells on a single substrate.  Minimal variation in SERS peak intensity is observed across 
the row, suggesting nominal changes in nanorod length, a fact supported by SEM 
characterization.  Figure 3.11 presents a plot of peak intensity as a function of well 
number down a column of wells on the same substrate.  The variance in SERS peak 










Figure 3.9.   Optical micrographs of the same region within a well on a silver 
nanorod substrate at various magnifications.  The red box in the image on the left 
designates the zoomed in region shown in a and b.  The left image was acquired at 
5x, a.) was acquired at 10 x and b.) was acquired at 20 x further demonstrating the 














Figure 3.10. Plot of peak intensities for the bands identified in the small plot for 
R6G as a function of well number across a row on a single substrate made using the 
custom sample holder in Figure 3.3.  The included substrate cartoon shows the wells 












Figure 3.11. Plot of peak intensities for the bands identified in the small plot for 
R6G as a function of well number down a column on a single substrate made using 
the custom sample holder in Figure 3.3.  The included substrate cartoon shows the 




enhancement is a function of both nanorod length and growth angle.  The higher intensity 
of row B supports the optimization of the sample holder for the middle of the microscope 
slides.  
 
Figure 3.12 presents a plot of peak intensity for the 771 cm
-1
 band acquired on specific 
wells across a row as a function of slide position within a given batch.  A small amount 
of variability is observed from one substrate to another and reflects differences in the 
plume density from slide to slide.  Because of our efforts to hold each slide at an exact 
distance from the source, we attribute this difference in plume density to the random and 
uncontrollable movement of the electrical arc on the ingot during deposition.  This effect 
may be minimized by rotation of the platen during deposition, a feature outside the 
capability of our evaporator.   Figure 3.13 presents a plot of peak intensity for the 771 
cm
-1
 band acquired on specific wells across a row on slide #1 as a function of batch.  The 
performance repeatability from batch to batch is a factor of two better than that 
previously reported.[134] 
3.4. Conclusion 
Multiple nanorod array substrates may be fabricated in a conventional electron beam 
evaporator by judicious placement of each substrate within the metal vapor plume.  
Careful control of evaporation parameters results in high uniformity of nanorod 
morphology and SERS performance characteristics from one batch to another.  Patterning 
of the substrate following nanorod deposition increases the number of assays that can be 











Figure 3.12. A plot of the peak intensity for the 771 cm
-1
 band as a function of well 
number across a row for all six substrates fabricated in the same batch made using 
the custom sample holder in Figure 3.3.  The included substrate cartoon shows the 













Figure 3.13. A plot of the peak intensity for the 771 cm
-1
 band as a function of well 
number across a row for all six substrates fabricated in the from two different 
batches made using the custom sample holder in Figure 3.3.  The included substrate 




standard deviation in intensity) across a substrate, 25% down a substrate, 15% from one 
substrate to another within a batch and only 8% from batch to batch. Note that these 
variations were determined from background corrected spectral intensities without 







THERMAL STABILITY OF SILVER NANOROD ARRAYS 
 
4.1. Introduction 
An issue in the continued development of silver nanorod (AgNR) array SERS substrates 
is their stability over time.  One objective for these substrates was the development of a 
SERS-based nucleic acid hybridization assay using AgNR array substrates.  A critical 
aspect of this application involves heating and cooling of nucleic acids on the array to 
promote formation of the hybrid and minimize mismatches.   
 
A decrease in SERS performance upon thermal cycling was observed, prompting further 
investigation into the effect of temperature on AgNR structure.  Thermally-induced 
changes in surface morphology were evaluated using SEM and x-ray diffraction (XRD) 
and correlated with changes in SERS enhancement.  The findings presented in this 
chapter suggest that the shelf-life of AgNR arrays is limited by migration of silver on the 
surface.  This rate of migration is enhanced by the presence of a surface layer of 
chemisorbed oxygen.   Our analysis of the thermal stability of AgNR arrays is reported in 
this chapter. The application of AgNR arrays for DNA hybridization is presented in 
Chapter 7. 
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4.2 Methods and Materials 
4.2.1. Substrate Fabrication 
4.2.1.1. Method 1 
See the method of fabrication described in detail in Chapter 3, section 3.2.1. 
4.2.1.2. Method 2 
The Ag nanorod substrates were fabricated using a custom-designed electron-
beam/sputtering evaporation e-beam system.  The apparatus used enabled the substrates 
to remain in vacuum for the entire fabrication process.   The standard glass microscope 
slides were mounted on a sample holder and placed directly above the source. Thin films 
on the sample surface at normal incidence and then stepper motors rotated the substrates 
so that the flux angle was 86° from normal.  AgNRs were deposited at a rate of 3 Å/sec, a 
base pressure of 1 x 10
-6 
Torr and grown to a final thickness of 900 nm in length.   
 
Following deposition using either method, each AgNR substrate was cut into eight 12.5 
mm x 18.75 mm chips.  Chips were placed on a preheated hotplate, held at a fixed 
temperature for prescribed amounts of time, and then cooled under ambient conditions.    
4.2.2. Substrate Characterization 
Substrates were characterized by SEM and SERS as described in Chapter 3, section 3.2.3.   
For SERS measurements, solutions of 1x10
-5
 M R6G in nanopure water (18Ω) were 
prepared and 5 μL aliquots were applied to each chip following thermal treatment and 
allowed to evaporate.  Chips were stored in slide holders and stored in a desiccator until 
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characterized.  XRD was performed using a Panalytical X'Pert Pro Multi-Purpose 
Diffractometer (MPD) with an Anton Paar HTK1200 furnace.  Samples were heated in 
air or under nitrogen, sampling XRD patterns every 5 min. 
4.3 Results 
Figure 4.1a presents an SEM micrograph typical of AgNR arrays prepared using Method 
One and stored under ambient conditions.  Image analysis revealed a consistent growth 
angle of 57 ± 0.5° and nanorod lengths of 450 ± 15 nm across the middle of the slide.  
Figure 4.1b depicts the SERS spectrum obtained for R6G.  This intensity equates to a 
SERS enhancement factor of ~10
7
.[292]  When a chip from the same substrate was held 
at 75 °C for just 5 min, both coarsening of the silver nanostructure (Figure 4.1c) and a 
ten-fold decrease in SERS enhancement were observed  (Figure 4.1d).  This decrease in 
enhancement with surface reorganization parallels the relationship previously observed 
between SERS intensity and AgNR length.[134]  The substrate used in acquiring the data 
presented in Figure 4.1 was fabricated using Method One in which a break in vacuum and 
exposure to atmospheric oxygen occurred between deposition of the titanium and silver 
under layers and AgNRs.   
 
Figure 4.2a shows an SEM micrograph typical of AgNR arrays prepared using Method 
Two and stored at room temperature (25 °C).  With this method, both the under layers 
and the AgNR arrays are deposited without breaking vacuum.  Image analysis revealed a 
consistent growth angle of 57 ± 0.5° and nanorod lengths of 870 ± 25 nm across the 
middle of the slide.  A comparison of Figures 4.1a and 4.2a reveals that the Ag nanorods 
fabricated using Method Two have a higher aspect ratio than those fabricated using 
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Method One.  Nanostructures fabricated with Method Two give SERS intensities for 
R6G of over 50,000 counts, as shown in Figure 4.2b.  This equates to a SERS 
enhancement factor of 10
8
.[134]   
 
When a chip from this substrate was held at 75 °C for 30 min, no change in SERS signal 
intensities was found. Similarly, no change in SERS intensity was observed when a chip 
was held at 125 °C for 5 min.  However, when this chip was held at 125 °C for 30 min, 
some coarsening of the surface was observed (Figure 4.2c).  The resultant deformation of 
the nanostructure led to approximately a 30% decrease in overall SERS enhancement, as 
shown in Figure 4.2d.  When a third chip from this substrate was held at 150 °C for 30 
min, coarsening of the nanorod surface similar in extent to that shown in Figure 4.1d 
resulted (see Figure 4.2e).  The original nanorod structures are no longer existent, having 
deformed into globular mounds.  The corresponding SERS spectrum (Figure 4.2f) 
presents SERS enhancement so diminished that peak heights are approximately 90% 
smaller than those obtained from SERS spectra of the unheated AgNR array.     
 
Figure 4.3 presents a comparison of SERS intensity as a function of temperature for 
substrates prepared by the aforementioned methods.  Due to the variation in enhancement 
between the two, intensities were normalized to those observed for the 611 cm
-1 
band of 
R6G on chips held at ambient temperature.  Substrates exposed to oxygen prior to 
nanorod fabrication undergo a sharp decrease in SERS enhancement when maintained at 












Figure 4.1. SEM micrographs of an AgNR array substrate acquired at an incident 
angle of 0° normal to the substrate surface.  Substrates prepared using Method One 
before (a) and after (c) heating at 75 °C for 5 min in a conventional oven are 
provided.  Scale bars in the images denote 1.0 m. SERS spectra of 1.0 x 10
-5
 M 









Figure 4.2. SEM micrographs of an AgNR array substrate prepared using Method 
Two (a) before, (c) after heating at 125 °C for 5 min, and (e) after heating at 150 °C 
for 5 min in a conventional oven.  Images were acquired at an incident angle of 0° 
normal to the substrate surface.  Scale bars in the images denote 1.0 m. SERS 
spectra of 1.0 x 10
-5
 M R6G obtained on this substrate is shown before (b) and after 
















Figure 4.3. Plot of the normalized SERS intensity for the 611 cm
-1
 band versus 
temperature for the substrate prepared using Method One (triangle) and Method Two 
(square). The data points listed in this figure are the average intensities (with 
standard deviations indicated by the error bars) observed at five or more locations on 
the same chip.  Trend lines have been added to aid in clarity. 
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nanorod fabrication exhibit a decrease in SERS intensity when maintained at 
temperatures above 100 °C for 30 min.   
 
Silver surfaces are known to undergo rearrangement at temperatures well below their 
bulk melting point.[301-302]  Degradation of SERS enhancements following thermal 
annealing of substrates has also been previously reported.  Liu and coworkers have found 
a 20% decrease in SERS response when substrates prepared by electrochemical 
roughening were held at temperatures greater than 125 °C.[299, 303]  Whitney et al. 
reported that shifts in the local surface plasmon resonance of silver nanoparticles were 
dependent upon annealing temperature.[120, 304]  Previous studies of the thermal 
stability of structured silver surfaces were undertaken at higher temperatures.  To our 
knowledge, this is the first report that the thermal stability of AgNR arrays depends upon 
the method of preparation.  
 
Figure 4.4 presents the XRD data performed to determine crystal structure changes upon 
surface reorganization during heating.  From the XRD spectrum only peaks for silver are 
seen with a strong (111) alignment in the initial spectrum prior to heating.  As the 
temperature of the substrate was increased to 150 °C, the peak corresponding to (111) 
increased by 30% indicating an increasing number of silver crystallites with the (111) 
plane parallel to the sample surface.  This correlates to a surface reorganization towards 
equilibrium.  SEM taken of the substrate post XRD analysis and heating resembled the 
image presented in Figure 4.2e.  No difference in the rate of change or appearance of the 










Figure 4.4.  Plot of X-ray diffraction (XRD) data indicating the change in crystal 
structure upon surface reorganization as a result of heating.  Peaks for the (111), 
(220), and (200) crystal directions were present in the initial spectrum taken before 
heating.  Inset plot depicts the (111) peak growing by roughly 30% upon heating to 
150 °C for a total of 90 minutes.  Spectra were acquired every five minutes and 
overlaid to show the growth over time.  
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environment.  These XRD results demonstrate the intrinsic instability of the nanorod 
structure and its tendency to reorganize into a more stable structure.[305] 
4.4 Discussion 
Our findings demonstrate that AgNR arrays are thermally unstable.  Silver surface atoms 
are known to migrate at room temperature.[301, 305-324]  This migration is rapid,[325] 
anisotropic,[326-328] and results from diffusion and coalescence of silver islands (i.e. 
Smoluchowski ripening) as well as diffusive mass transfer from smaller to larger islands 
(i.e. Oswald ripening) to minimize the free energy at step edges.[309, 322-323, 329]  
Heating increases the rate of nanostructure coarsening.[307, 320, 330-333]  Several 
groups have studied the coarsening of silver using scanning tunneling microscopy.[320, 
324]  Semin et al.[320] found that the average silver island radii increased by  
approximately 35% when held at 42 °C for 4 hr.  They showed that post-deposition 
coarsening is a thermally activated process with an activation energy of just 13  2 
kcal/mol.  Our Ag nanorods increased in radius within minutes upon heating.  
 
Upon exposure of silver to air, a layer of chemisorbed oxygen is formed.[309, 334-344]  
Layson et al. have shown that oxygen exposure activates low-temperature 
coarsening.[309-310]  Molecular oxygen adsorbs preferentially at kink sites on the silver 
surface where the activation barrier to dissociation is lowered.[334, 339, 341, 344-347]  
Migration of silver atoms occurs upon dissociation of oxygen from the surface.[324-325, 
334, 345]  Thus, the greater the abundance of kink sites on the surface, the greater the 
extent of silver atom migration.  As our XRD results have shown, nanorods are 
polycrystalline.  In addition to the formation of silver-oxide, exposure to air can result in 
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adsorption of contaminants.  Depending upon their chemical composition, contaminants 
can hasten the rate of migration[348] and/or provide spectral interference for SERS 
sensing applications. 
 
Substrates exposed to atmospheric oxygen during fabrication (Method One) began 
surface restructuring at lower temperatures and shorter exposure times than those held in 
vacuum for the entire process (Method Two).  One rationalization for this observed 
difference is that the oxygen underlayer impacts nucleation.  Layson et al.[308] have 
demonstrated that when silver is deposited onto a layer of chemisorbed oxygen, silver 
atom mobility is increased resulting in the formation of larger islands with a concomitant 
decrease in island density. They propose several mechanisms that might account for this 
phenomenon.  Fabrication of our AgNR arrays by either method begins with nucleation.   
In the GLAD process,[17] nanorods grow because the rate of silver deposition exceeds 
the rate of adatom migration, and because the nanorods are self-shadowing.  If the silver 
islands formed during nucleation on the chemisorbed oxygen layer (during Method One) 
redistribute and coalesce on the surface by the mechanisms proposed by Layson and 
coworkers, the base of the nanorods would broaden, resulting in a more conical-shaped 
nanorod.  In contrast, in the absence of an oxide underlayer, a more cylindrical-shaped 
nanorod is anticipated.  Comparison of the shape of the nanorods formed by the two 
methods (see Figures 5.1a and 5.2a) is suggestive of oxygen-induced coarsening of the 
nucleates. The difference in nanorod shape may also be due to differences in substrate 
temperature during deposition.[274]  It should be noted that neither evaporator is 
equipped with a substrate temperature monitor or means to control the substrate 
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temperature during deposition. Thus, the actual temperature during deposition is 
unknown.  A higher deposition temperature is expected for substrates prepared by 
Method One since the platen that holds the substrates in the evaporator is closer to the 
silver source compared to the evaporator used for preparing substrates by Method Two.   
 
In essence, Ag nanorods are kinetic, not thermodynamic products.  Oswald and 
Smoluchowski ripening coarsens the surface and promotes the return of nanorods to their 
more thermodynamically stable form.  Exposure to air hastens silver atom migration and 
surface contamination.  Thus, while the shelf-life of the arrays can be improved by 
storing them at low temperature under vacuum or inert atmosphere, restructuring of the 
silver surface is unavoidable. The ultimate impact of this process is the concomitant 
decrease in surface enhancement when these arrays are used as SERS substrates in 
sensing applications.   
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CHAPTER 5 
POLYSTYRENE BEADS AS PROBES OF THE SERS RESPONSE 
CHARACTERISTICS OF SILVER NANOROD ARRAYS 
 
5.1. Introduction 
Substrates comprised of silver nanorod (AgNR) arrays have been shown to be highly 
uniform in structure, easy to fabricate, and provide strong, highly reproducible, signal 
enhancements.[132, 134, 138-140, 162, 292]  The high SERS signal enhancement seen 
with AgNRs may result from chemical and/or electromagnetic enhancement 
mechanisms.[58-59]  Of particular interest is the electromagnetic enhancement resulting 
from the interaction of the incident light with the nanoscale roughness on the metal 
surface.[10-11, 59]   
 
The electromagnetic field is theorized to be at a maximum for points with high curvature, 
ultimately resulting in greater SERS enhancement.[91]  Evidence of this been reported by 
Murphy and co-workers on isolated silver and gold nanoparticles of various aspect 
ratios.[92]  While it has been suggested that enhancement should be greatest between the 
nanorods in the array,[141] the 150 nm spacing between nanorods is too large for overlap 
in electromagnetic fields.  The overlap of longitudinal and lateral electromagnetic waves 
along the nanorods may produce strong electromagnetic enhancement at the rod ends.[92]   
 
To probe this possibility, polystyrene beads were chosen as Raman scatterers.  By 
comparison of SERS signals from beads small enough to spread evenly throughout the 
 103 
AgNRs with that from beads too large to fit within the AgNRs, the region of highest 
enhancement was investigated.  SERS was used to monitor the enhancement as a function 
of bead position; SEM and fluorescence microscopy were used to probe the location of 
the beads within the array. 
5.2. Methods and Materials 
5.2.1. SERS Substrates 
SERS substrates were fabricated and stamped as described in Chapter 3, section 3.2.1. 
and 3.2.2.   
5.2.2. Analytes 
Rhodamine-6G (R6G) was used as received (Tokyo Kasei Kogyo Co. Ltd., Toshima, 
Japan) and serially diluted to a concentration of 1 x 10
-5
 M in nanopure water.  Poly (4-
styrenesulfonic acid) solution was received from Sigma Aldrich (St. Louis, MO) and 
serially diluted in nanopure water.  FluoSpheres® sulfate microspheres, 20 nm, yellow-
green fluorescent (505/515) 2% solids and FluoSpheres® carboxylate-modified 
microspheres, 200 nm, orange fluorescent (540/560) 2% solids were obtained from 
Invitrogen Corporation (Carlsbad, CA).  Serial dilutions of microsphere solutions were 
made in filtered nanopure water.   
5.2.3. Substrate Characterization  
Substrates were characterized by SEM and SERS as described in Chapter 3, section 3.2.3.   
The accelerating voltage was not adjusted for samples containing analyte.  In some 
instances, spectra were acquired across a well at 25 μm intervals.  Spectra were 
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background corrected to remove the characteristic fluorescence baseline.  Spectra were 
processed as described in Chapter 3, section 3.2.3.   
 
Fluorescence microscopy was performed after application and evaporation of 
FluoSphere® solutions using an Olympus 1 x 71 inverted microscope (Olympus 
Corporation, Tokyo, Japan), 20x objective, and acquisition times ranging from 2-10 msec 
depending upon the sample.  Images were viewed and analyzed using ImageJ software 
provided by National Institutes of Health (Bethesda, MD). 
5.3. Results and Discussion 
In previous reports,[292, 349] R6G was used as a Raman probe to characterize the 
performance of AgNRs as SERS substrates.  This probe possesses a favorable scattering 
cross section that gives rise to large SERS enhancements.  However, this molecule is not 
adequate for identifying regions of highest enhancement due to its size and our inability 
to pinpoint its location within the AgNR array.  Instead, polystyrene beads were chosen 
as Raman probes.  SERS was used to monitor the enhancement as a function of bead 
position; SEM and fluorescence microscopy were used to probe the location of the beads 
within the array. 
 
The AgNRs used in this study possessed the following average dimensions: 900 nm long, 
100 nm in dia., and 150 nm spacing (as determined by SEM).[134]  Since the flux angle 
was 86°during deposition, the growth angle of the array is 57° off the surface.[20]  
Figures 5.1 and 5.2 are a scaled drawing of a 1 μm
2
 section of the array.  Superimposed 
on the arrays are the two polystyrene bead probes (also drawn to scale) used in this study.  
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This schematic illustrates that the 20 nm dia. beads (Figure 5.1) are small enough to 
penetrate the nanorod array and deposit randomly over the surface whereas the 200 nm 
dia. beads (Figure 5.2) are too large to penetrate into the array.  Thus, the smaller dia. 
beads interrogate enhancement over the entire surface of the AgNRs whereas the larger 
dia. beads serve as probes of enhancement over the tops and rounded ends of the AgNRs. 
 
Figures 5.3 and 5.4 presents SERS spectra obtained on both polystyrene bead samples 
and R6G on AgNRs (Figure 5.3) and on a flat silver substrate (Figure 5.4).  For each 
spectrum, 5 μL aliquots of test solutions were applied to the well and allowed to 
evaporate.  The number density of FluoSphere® beads was 2 x 10
10
 beads per μL for the 
20 nm dia. beads and 2 x 10
7
 beads per μL for the 200 nm dia. beads.  The concentration 
of R6G was 10
-5
 M.  Also included in this figure are spectra acquired on empty wells as a 
control.   
 
As anticipated, the spectrum of R6G acquired on the AgNRs is very intense, more than 
an order of magnitude larger than that acquired for the polystyrene beads.  The two 
microsphere solutions gave rise to peaks at 1000 cm
-1
 and 1030 cm
-1
 corresponding to 
well-characterized aromatic vibrations for polystyrene.[10]  No bands characteristic of 
the fluorophores contained within the beads were found.  If spectra bands for the 
fluorophore had been present, they would hve overpowered the polystyrene spectra as 
seen with R6G in Figure 5.3.  The 20 nm dia. beads contained a green fluorophore 
whereas the 200 nm dia. beads contained a red fluorophore.  The spectra acquired on flat 










Figure 5.1. Schematic illustration of a 1 μm
2
 section of the array drawn to scale.  
Superimposed on the array are 20 nm dia. polystyrene beads.  This illustration treats 










Figure 5.2. Schematic illustration of a 1 μm
2
 section of the array drawn to scale.  
Superimposed on the array are 200 nm dia. polystyrene beads.  This illustration 















Figure 5.3.  SERS spectra obtained on both polystyrene bead samples and R6G on a 
silver nanorod substrate.   Only a portion of the spectra is displayed to spotlight the 















Figure 5.4. Normal Raman spectra obtained on both polystyrene bead samples and 
R6G on a flat silver substrate.  The entire spectrum is displayed to show there were 
no peaks present in either spectrum. 
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are devoid of bands characteristic of the microspheres or R6G.  This indicated that the 
spectrum acquired on AgNRs is a surface enhanced spectrum of the probe molecules.   
 
Comparison of the SERS response between the two types of particles must take into 
account both the change in surface area available to each and their respective spatial 
distributions within the excitation laser spot.  From the average nanorod dimensions and 
spacing, the surface area increase provided by the nanorod structure was computed to be 









.  To completely cover 
the well with a monolayer of the smaller particles requires 1.4 x 10
11
 beads in comparison 
to the larger particles requiring only 3.1 x 10
8
 beads.  It should be noted that these values 
assume a complete, well-ordered monolayer structure of uniform particle dimension and 
devoid of evaporation-induced bead aggregation.  Similarly, assuming that the R6G 
molecule lies flat on the silver nanorod surface, we computed that 5.73 x 10
13
 molecules 
are required to form a monolayer on the AgNRs surface.  The spectrum presented in 
Figure 5.3 for R6G was acquired on what is estimated to be 0.5 monolayer coverage.  
 
Figure 5.5a presents a scanning electron micrograph of the 20 nm dia. microspheres 
deposited on a well at monolayer coverage.  This image was acquired near the center of 
the well.  The location of beads on the nanorods has been identified by superimposing 
circles of appropriate diameter on top of the original image.  Figure 5.6 presents the 
original SEM image without any altering.  The microspheres show some degree of 
aggregation within the array and are non-uniformly distributed across the well.  Images 
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acquired near the edges of the well show a much higher degree of aggregation.  To 
further characterize the spatial distribution of beads across the well, SERS spectra were 
sequentially acquired as the excitation beam was rastered across this well in 25 μm steps.  
Figure 5.5b presents the background corrected intensity for the peak at 1000 cm
-1
.  The 
SERS signal variation across the well correlates with the number density observed in the 
SEM images as a function of location.   
 
Figure 5.7a and 5.7b depict the corresponding results obtained following a ten-fold 
dilution of the 20 nm dia. microspheres (Figure 5.8 presents the original SEM image 
without any altering).  The number density of beads near the center of the well (Figure 
5.7a) is high enough that one would expect a SERS signal.  The signal intensity 
distribution across the well (Figure 5.7b) shows that a measureable SERS response is 
seen only where evaporation-induced aggregation of the microspheres occurs (near the 
edge of the well). 
 
Figure 5.9a presents a scanning electron micrograph of the larger dia. microspheres 
deposited on a well at monolayer coverage. Again, the location of beads on the nanorods 
has been identified by superimposing circles of appropriate diameter onto the image 
(Figure 5.10 presents the original SEM image without any altering).  The larger dia. 
microspheres essentially cover the surface sitting atop the nanorod array and, in this 
particular image, appear uniformly distributed across the surface.  Images acquired near 
the edges of the well show a multi-layered deposit.  SERS spectra were acquired across 







Figure 5.5.  a.) Scanning electron micrographs obtained on the AgNRs after 
deposition of 20 nm dia. polystyrene microspheres by evaporation within a well at a 
concentration of 1 x 10
11
 beads per well.  The scale bar represents 500 nm.  b.) 
SERS spectra acquired in 25 m step increments across the well.  SERS peak 
intensities for the 1000 cm
-1
 spectral band for polystyrene (see Figure 6.3) are 





















Figure 5.6.  SEM obtained on AgNRs after deposition of 20 nm dia. polystyrene 
microspheres by evaporation of 1 x 10
11
 beads per well.  The scale bar in the 
micrograph represents 500 nm.  This figure is comparable to that of Figure 5.5a but 










Figure 5.7.  a.) SEM images obtained on the AgNRs after deposition of 20 nm dia. 
polystyrene microspheres by evaporation within a well at a concentration of 1 x 10
10
 
beads per well.  The scale bar represents 500 nm.  b.) SERS spectra acquired in 25 
m step increments across the well.  SERS peak intensities for the 1000 cm
-1
 
spectral band for polystyrene (see Figure 5.3) are plotted as a function of position 
across the well at a number density 1 x 10
10
















Figure 5.8.  SEM obtained on the AgNRs after deposition of 20 nm dia. polystyrene 
microspheres by evaporation of 1 x 10
10
 beads per well.  The scale bar in the 
micrograph represents 500 nm. This figure is comparable to that of Figure 5.7a but 






Figure 5.9b presents the background corrected intensity for the peak at 1000 cm
-1
 as a 
function of location. The SERS signal variation across the well correlates with the 
number density observed in the SEM images as a function of location.  Figure 5.11a and 
5.11b depict the corresponding results obtained following a ten-fold dilution of the 200 
nm microspheres (Figure 5.12 presents the original SEM image without any altering).  
Non-uniform distribution of beads is also observed similarly to the smaller microspheres.  
 
The electron micrographs reveal that the smaller beads are found both within and on top 
of the nanorod array, regardless of concentration, whereas the larger beads are found only 
on top of the array.  Evaporation promotes aggregation of the smaller beads between the 
rods. It is interesting to note that the diameter of the laser spot is 20 μm.  Thus, 
examination of the micrographs presented in Figures 5.5, 5.7, 5.9, and 5.11 reveals that, 
even at the lower concentrations, multiple beads are present within the laser spot.  From 
this it is concluded that a SERS signal is obtained only when the coverage of beads 
approaches that of a monolayer.   
 
The morphology of the AgNR array plays an important role in SERS signal intensity by 
impeding either delivery of the incident excitation beam to or collection of the scattered 
light from the microsphere.  The SERS signal for small molecule scatterers distributed 
onto AgNR arrays is known to exhibit a strong dependence on the angle of the incident 
laser.   Liu et al. found a five-fold enhancement at an incident angle of 45° (relative to the 
surface normal) with silver nanorods oriented with a tilt angle of 70° relative to the signal 







Figure 5.9.  a.) SEM images obtained on the AgNRs after deposition of 200 nm dia. 
polystyrene microspheres by evaporation within a well at a concentration of 1 x 10
8
 
beads per well.  b.) SERS spectra were acquired in 25 m step increments across the 
well.  The scale bar in the micrograph represents 1000 nm.  SERS peak intensities 
for the 1000 cm
-1
 spectral band for polystyrene (see Figure 5.3) are plotted as a 
function of position across the well at a number density of 1 x 10
8
















Figure 5.10.  SEM obtained on the AgNRs after deposition of 200 nm dia. 
polystyrene microspheres by evaporation of 1 x 10
8
 beads per well.  The scale bar in 
the micrograph represents 1000 nm. This figure is comparable to that of Figure 5.9a 
but does not contain the superimposed circles indicating the location of the beads 










Figure 5.11.  a.) SEM images obtained on the AgNRs after deposition of 200 nm 
dia. polystyrene microspheres by evaporation within a well at a concentration of 1 x 
10
7
 beads per well.  b.) SERS spectra were acquired in 25 m step increments across 
the well.  The scale bar in the micrograph represents 1000 nm.  SERS peak 
intensities for the 1000 cm
-1
 spectral band for polystyrene (see Figure 5.3) are 


















Figure 5.12.  SEM obtained on the AgNRs after deposition of 200 nm dia. 
polystyrene microspheres by evaporation of 1 x 10
7
 beads per well.  The scale bar in 
the micrograph represents 1000 nm. This figure is comparable to that of Figure 
5.11a but does not contain the superimposed circles indicating the location of the 





only deliver the incident beam and collect the back scattered light “normal” to the 
substrate surface.  We suggest that given the pitch, angle, and density of our nanorods 
relative to the excitation wavelength, it is highly unlikely that we can detect light 
scattered by particles distributed within the nanorod array.   
 
To illustrate the effect of AgNR morphology on the efficiency of collection of 
backscattered light, we acquired optical micrographs of our samples using fluorescence 
microscopy.  Figures 5.13 and 5.14 presents fluorescence images acquired on 
microspheres deposited onto both AgNRs and flat silver surfaces.  Figure 5.13a was 
obtained on a AgNR array following evaporation of a 5 μL aliquot of a 20 nm dia. bead 
solution containing 10
7
 beads/mL.  This image was acquired using 515 nm excitation and 
a 2 msec exposure.  Bright spots in the image indicate the location of the beads on the 
array; the high contrast indicates that little or no fluorophore is leaching from the beads 
and adhering to the silver surface.   
 
Figure 5.13b was obtained on a flat silver surface following evaporation of a 5 μL aliquot 
of a 20 nm dia. bead solution containing 10
4
 beads/mL. This image was acquired using 
515 nm excitation and a 5 msec exposure.  The number density of bright spots in this 
image indicates a greater number of beads detected as compared to Figure 5.13a even 
though the concentration of beads was three orders of magnitude lower.  It should be 
noted that images acquired on flat silver for the same particle density as that of Figure 
















Figure 5.13.  Fluorescence images acquired on 20 nm dia microspheres.  a.) 10
7 
beads/mL deposited onto AgNRs and b.) 10
4
  beads/mL flat silver surfaces.  Images 
were obtained following evaporation.  The image represents a 400 μm
2




















Figure 5.14.  Fluorescence images acquired on 200 nm dia microspheres.  a.) 10
4 
beads/mL deposited onto AgNRs and b.) 10
4
  beads/mL flat silver surfaces.  Images 
were obtained following evaporation.  The slight variation in number density is due 
to an uneven evaporation within the well.  The image represents a 400 μm
2
 region 





this decrease in the number of beads detectable on the AgNRs is due to occlusion by the 
nanorods.   
 
Similarly, fluorescence micrographs were obtained following evaporation of a 5 μL 
aliquot of a 200 nm dia. bead solutions containing 10
4
 beads/mL onto AgNRs (Figure 
5.14a) and flat silver (Figure 5.14b).  These images were acquired using 540 nm 
excitation and a 5 msec exposure.  Bright spots in the images indicate the location of the 
beads on the substrates.  The number density of bright spots is comparable between these 
two images indicating that the particles reside on top of the AgNRs.  No fluorescence was 
recorded from control experiments conducted on untreated flat silver and AgNR 
substrates. 
 
Several aspects of this work are noteworthy.  First, evaporation of the sample produces a 
non-uniform distribution of scatterers across the AgNR array.  Evidence in support of this 
statement can be found in Figures 5.5, 5.7, 5.9, and 5.11 for polystyrene beads and in our 
previous reports for R6G.[292, 349]  The degree of non-uniformity is due to solute 
concentration, affinity for the silver surface, and solvent volatility.   
 
Second, single particle detection of latex beads was not possible with our instrument.  In 
fact, SERS signals were only seen when the number of beads approached monolayer 
coverage.  This observation reflects the low scattering efficiency of polystyrene, the 
spectral dispersion likely to result from the bead itself, occlusion of scattering from 
particles resident within the AgNRs, and limitations intrinsic to our collection optics.  
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Third, the enhancement found for beads located on top of the AgNRs was greater than 
that for beads located along the exposed surface of the AgNRs.  Supporting evidence for 
this statement is provided in Figures 5.1, 5.2, 5.3 and 5.4.   The intensity of the larger 
beads was approximately 3 times that of the small beads even though the number density 
of smaller beads exceeded that of the larger beads by 1000.  Although the smaller beads 
were more abundant, their contribution to the overall SERS intensity is reduced because 
of their location within the array.   
 
Liu and coworkers[141] have observed an eight-fold increase in SERS intensity for trans-
1,2-bis-4-pyridylethene (BPE) as the angle of incident excitation and collection was 
optimized for the AgNR growth angle.  Although we are unable to vary the angle of 
incidence or collection, it is unlikely that changing this angle will produce a signal 
increase sufficient to compensate for the difference in number density between the two 
sized beads.  We suggest that the intensity of backscattered light comes predominately 
from scatterers located at the ends of the nanorods and the “top” surfaces.   
 
Liu and coworkers have estimated that the SERS enhancement factor for BPE located on 
nanorod surfaces is about 50-200 times that for BPE located at the bottom of the AgNR 
array. [303]  Their estimation was based on the assumption that BPE was uniformly 
distributed over the entire surface of the AgNR array.  Given that we are able to pinpoint 
the location of the beads within the array, our findings suggest that the dependence of 
location on enhancement is significantly larger than their prediction.  Taken collectively, 
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these findings suggest that the maximum enhancement will be found with closely-spaced 
ordered arrays of silver nanorods with an orientation nearly parallel to the incident 
excitation and collection beams. 











SURFACE ENHANCED RAMAN SCATTERING OF BACTERIAL 
GROWTH CULTURE MEDIA 
 
6.1. Introduction 
SERS is an emerging analytical tool for pathogen detection and identification.[9, 11, 55, 
58, 350]  Several recent publications have focused on determining the spectral bands 
characteristic of bacteria from different species and cell lines.[162-163, 165-166, 168-
174, 177, 179-183, 204-205, 351-352]  This research seeks to improve public health 
through the rapid identification of bacterial pathogens present in the environment, 
biological fluids, and in food products.  A wide range of SERS substrates have been 
explored in classifying bacteria.   
 
Silver nanorod (AgNR) array SERS substrates are suitable for detection of both 
viruses[132-133, 137-140, 147] and bacteria.[135, 162]  Initially, we set out to explore 
the applicability of silver nanorod arrays as SERS substrates for distinguishing between 
bacterial types.  Spectra were acquired on three different bacterial species, two Gram-
positive (Arthrobacter histidinolovorans and Bacillus cereus) and one Gram-negative 
(Escherichia coli).  Spectra for the latter two were comparable to those previously 
published for these bacteria.  A remarkable similarity between the spectra for these 
bacterial species and that of the medium in which they were grown was observed.  We 
began a systematic examination of commonly used bacterial growth culture media and 
compared the SERS spectral bands characteristic of the media with those previously 
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reported as characteristic of specific bacterial species. This chapter documents our 
findings. 
6.2. Methods and Materials 
6.2.1. Substrate Fabrication 
SERS substrates were prepared using the method previously described in Chapter 3, 
sections 3.2.1 and 3.2.2. 
6.2.2. Cell Culture Growth Media  
The following cell culture media were obtained from BD Diagnostics (Franklin Lakes, 
NJ): Difco
TM
 Nutrient Broth, Difco
TM
 Meuller Hinton II Broth, Difco
TM
 Luria Broth, 
BBL
TM
 Selenite-F Broth, BBL
TM
 GN (Gram Negative) Broth BBL
TM
 Cooked Meat 
Medium, BBL
TM
 Motility Test Medium, BBL
TM
 Peptone Water, BBL
TM
 Rapid Urea 
Broth, BBL
TM





 Standard Methods Agar.  The following cell culture media were 





.  All stock cell culture solutions were prepared following the supplier’s 
recipe.  Cell culture media were serially diluted from “stock” solutions in nanopure water 
(18Ω).   
6.2.3. Bacteria and Cell Culture Preparation    
Bacterial samples Arthrobacter histidinolovorans (A. histidinolovorans), Bacillus cereus 
(B. cereus) and Escherichia coli (E. coli) were provided by Robert Martinez and Prof. 
Patricia Sobecky (formerly of the School of Biology, Georgia Institute of Technology, 
Atlanta GA).  A. histidinolovorans and E. coli were grown at 30 °C to an optical density 
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 were achieved for all three bacterial strains.  Bacteria samples were diluted serially 
in nanopure water (18Ω) or in the Nutrient Broth medium in which the cells were grown.   
6.2.4. Substrate Characterization 
Substrates were characterized by SEM and SERS before and after application of analyte 
samples as described in Chapter 3, section 3.2.3.  SEM images were acquired on bacteria 
samples with a decreased accelerating voltage of 2 eV.  In some instances, SERS spectra 
were acquired across the well at 25 m intervals.  In some instances, spectra were 
background corrected to remove the characteristic curvilinear baseline.  Spectra were not 
rescaled or normalized unless otherwise noted.  
6.3. Results 
Nutrient broth is commonly used for culturing E. coli and Staphylococcus aureus.  The 
upper portion of Figure 6.1 presents spectra obtained for Nutrient Broth.  The spectrum 
for stock Nutrient broth (red trace) is featureless apart from the characteristic fluorescent 
background.  The lack of spectral bands for stock medium agrees with previous SERS 
studies sensing bacterial samples.[162, 353] The lower portion of Figure 6.1 presents an 
SEM image acquired of the evaporated Nutrient Broth on the nanorod array substrate.  
The dried broth deposits within and on top of the nanorods. 
 
Figure 6.1 also presents the SERS spectrum obtained on a sample of the broth diluted 









Figure 6.1. The SERS spectrum of Nutrient Broth stock (red trace), diluted 1:100 
(v/v) (blue trace) is presented in the upper panel.  The spectrum of the diluted 
sample was background corrected but not rescaled.  The SEM image of stock 
Nutrient Broth on the AgNR array is presented in the lower panel.  The scale bar 
represents 10 m. 
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spectrum contains several well-defined bands that are characteristic of the components of 
this growth culture medium.  Dilution reduces the amount of growth medium deposited 
onto the AgNRs by evaporation, improves the collection efficiency of the SERS signal, 
and decreases the fluorescent background.  
 





 in Nutrient Broth (red trace), one acquired after 1:100 dilution of this 
solution in the growth medium (green trace), and one acquired after 1:100 dilution in 
water (blue trace). The red and green traces are identical to that obtained on undiluted 
Nutrient Broth; the red trace has been offset in intensity for clarity.  The blue trace 
contains spectral features similar to those obtained by others for B. cereus.[177, 352, 354-
355]  
 
B. cereus is a Gram-positive bacterium.  The spectral features are expected to be that 
representative of the peptidoglycan cell wall layer.  While the structural components of 
the peptidoglycan layers are the same for both Gram-positive and Gram-negative 
bacteria, their structure and location in the cell wall differ.  In Gram-negative bacteria, a 
direct crosslink exists through an amide bond; in Gram-positive bacteria, a pentaglycine 
bridge crosslinks the amino acids on adjacent chains.  The peptidoglycan layer is the 
outermost layer of the cell wall for Gram-positive bacteria whereas it is an inner layer of 




















 in stock Nutrient 









 in diluted Nutrient Broth prepared by 1:100 (v/v) dilution in nanopure water. 
Spectra were offset along the intensity axis for clarity.  Both the red and green 




The outer wall structure of Gram-negative bacteria is comprised of lipopolysaccharides 
(LPS).  The LPS layer is comprised of a base lipid embedded within the fatty acids of the 
outer membrane covalently linked to core oligosaccharides (e. g. heptose) and a 
polysaccharide chain referred to as the O-antigen. The O-antigen is the most variable 
portion of the LPS in relation to other gram negative bacteria.  It is important to note that 
this LPS is only associated with Gram-negative bacteria.[356-358] 
 
Thus, differences in spectral bands characteristic of the type of bacteria are expected.  A 
schematic of the structural differences between Gram-positive and Gram-negative 
bacteria is depicted in Figure 6.3.   
 
In some instances, a crystalline cell surface protein, referred to as the S-layer, binds to the 
outermost layer of both Gram-positive and Gram-negative bacteria.  Eamples of bacteria 
with an S-layer include and are not limited to B.cereus,[359-361] Bacillus 
sphaericus,[362-363] Mitsuokella multacida,[364] Lactobacillus kefir,[365]and 
Clostridium difficile.[366]  A few examples of bacteria lacking an S-layer include and are 
not limited to Bacillus subtillus, Staphylococcus aureus and mycobacteria.[367-369]  
Layer thickness ranges from 5-25 nm depending on the specific bacteria and length of 
culture.[360]  In Gram-positive bacteria, the S-layer is bound to the peptidoglycan layer 
directly[370] or through covalent linkage to a pyruvylated carbohydrate associated with 
the peptidoglycan layer.[371-375]  In Gram-negative bacteria, the S-layer is bound 
through interactions between the positive terminus of the layer and the liposaccharides 










Figure 6.3. Schematic of both Gram-negative and Gram-positive bacteria cell wall 
components. Note the difference in cell wall structure that should be apparent in the 
respective SERS spectra. 
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conserved even between bacteria of related species.  The layer also varies based on the 
incubation time of the bacteria.  This has been shown specifically with B. cereus.[359] 
 
Due to these structural differences, SERS should be able to distinguish between Gram-
positive and Gram-negative bacteria with and without an S-layer.  SERS spectra acquired 
on Gram-positive bacteria should contain bands representative of the peptidoglycan layer 
whereas spectra acquired on Gram-negative bacteria should contain bands representative 
of the LPS.  For bacteria containing an S-layer, spectra should contain bands 
representative of the protein and glycoprotein subunits.   
 
To test this hypothesis, SERS spectra were also acquired on another Gram-positive 
bacterium (A. histidinolovorans) as well as on a Gram-negative bacterium (E. coli).    





. Figure 6.4 presents the SERS spectrum acquired on all three bacterial species 
following 1:100 (v/v) dilutions of their stock solutions in nanopure water.  For 
comparison purposes, all spectra displayed in this figure were normalized to the peak of 
highest intensity and offset along the y-axis for clarity after background correction.  The 
spectrum obtained for E. coli is in close agreement with that reported by others.[162-163, 
172-173, 179, 183, 201, 352, 354-355]  The spectrum of the diluted Nutrient Broth is also 
included in this figure. The four spectra are strikingly similar in appearance.  The 
similarity in the spectra obtained on Gram-positive and Gram-negative bacterial cells is 













Figure 6.4. SERS spectra of E. coli (purple trace), B. cereus (green trace), and A. 
histidinolovorans (red trace) in Nutrient Broth diluted 1:100 (v/v) in nanopure water 




.  The spectrum of diluted Nutrient Broth 
(blue trace) is also included for ease of comparison.  All four spectra were 
normalized to the peak of highest intensity and offset along the intensity axis for 
clarity of presentation. 
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To verify that spectra presented in Figure 6.4 were indeed characteristic of the bacterium, 
two additional experiments were performed.  First, SEM images were acquired on the 
nanorod arrays to verify that the bacterial cells were intact and spatially distributed 
throughout the well.  The image obtained for A. histidinolovorans is presented in upper 
portion of Figure 6.5. This bacterium has a rod-like structure typically 1-2 m in length.  
The inset presents an image whose features are consistent with this dimension.  The SEM 
images show that the bacteria are not uniformly distributed across the well.  Rather, they 
are clustered in random locations typically with 2-5 cells per cluster on top of the 
nanorod array.   
 
Next, SERS spectra were acquired across the well in 25 μm steps; with a laser spot size 
of 20 μm in diameter depicted in Figure 6.5 as a circle.  Comparison of spectra acquired 
across the well showed no significant changes in the Raman bands; the relative intensity 
of spectral bands was dependent upon location. The SERS intensity of the most intense 
peak in the spectrum (725 cm
-1
) was plotted as a function of position across the well and 
is presented in the lower portion of Figure 6.5.  Similar findings were obtained with B. 
cereus (Figure 6.6).  This bacterium also has a rod-like structure with dimensions that are 
four to five times larger than that of A. histidinolovorans.  The SEM images (upper 
portion of Figure 6.6) and SERS spectra acquired across the well (lower potion of Figure 
6.6) are presented. 
 
Since i) the Raman shifts are unchanged in spectra acquired across the well, ii) the 












 prepared by diluting the cells grown in stock 
Nutrient Broth by 1:100 (v/v) in nanopure water is presented in the upper panel 
(scale bar is 10 m). The white circle denotes the laser spot.  Arrows point out the 
location of two bacterial cell clusters.  The inset depicts a SEM image at higher 
magnification (scale bar is 2 m).  The bottom panel presents SERS peak intensity 
for the 725 cm
-1
 band as a function of position following background correction.  
Spectra were acquired in 25 m step increments across the well across prior to 













 prepared by diluting the cells grown in stock Nutrient Broth by 1:100 (v/v) in 
nanopure water is presented in the upper pane (scale bar is 20 m). The white circle 
denotes the size of the laser spot.  Arrows denote the location of two bacterial cell 
clusters.  The inset depicts a SEM image at higher magnification (scale shows 1 m).  
The bottom panel presents SERS peak intensity for the 725 cm
-1
 band as a function of 
position following background correction.  Spectra were acquired in 25 m step 




distribution of bacteria across the well is non-uniform, we conclude that the Raman shifts 
observed are due to growth medium adsorbed onto the nanorod array.  The troubling 
aspect of this conclusion is the similarity of our spectra to those previously published for 
the bacteria investigated herein.[162, 165-169, 172-174, 177, 179, 205, 352-355, 373] 
 
This compelled us to investigate the spectral signatures of other bacterial growth culture 
mediums.  Figure 6.7 presents the spectra acquired for 14 different media; all were 
diluted in nanopure water.  Abbreviations and dilution factors were: Rapid Urea Broth 
(RU) diluted 1:100 (v/v); Selenite-F (SF) diluted 1:10,000; Campylobacter Thioglycollate 
Medium (CT) diluted 1:1,000; Turbo Broth (TB) diluted 1:1,000; Luria Broth (LB) 
diluted 1:10; Gram-negative Broth (GN) diluted 1:10,000; LB Broth (LBB) diluted 
1:100; Peptone Water (PW) diluted 1:100; Motility Medium (MM) diluted 1:10; Nutrient 
Broth (NB) diluted 1:100; Cooked Meat Medium (CM) diluted 1:1,000; Sabouroud 
Liquid Broth Modified (SL) diluted 1:10; Meuller-Hinton II Broth (MH) diluted 1:100; 
Standard Methods Agar (SM) diluted 1:100.  All spectra presented were normalized to 
the peak of highest intensity and offset along the y-axis for clarity after background 
correction.  Many of the bands found in these spectra have been reported elsewhere as 
fingerprint bands for various bacteria. [162-163, 168-174, 177-178, 182, 204, 351, 353, 
380-381] 
6.4 Discussion 
Bacterial cell growth media generally contain a source of amino acids, a carbon source 
(e.g. glucose or dextrose), water, and salts to promote bacterial growth.  The amino acids 
are typically from protein hydrolysates, often referred to as peptones.  Peptones are 
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classified by the source from which they are derived e.g. animal-free, meat, or casein and 
whey.  Some growth media contain peptones from multiple sources.[382]  For example, 
Nutrient Broth, the growth medium used to culture the three bacteria studied herein, 
contains 0.3% (w/v) beef extract and 0.5% (w/v) pancreatic digest of casein.  Some 
media are optimal for culturing a specific bacterial cell line.  For example, Mueller-
Hinton II Broth is commonly used to culture Staphylococcus aureus, Enterococcus 
faecalis, and Pseudomonas aeruginosa whereas Standard Methods Agar is used in 
growing Bacillus subtilus, Bacillus stereothermophilus, and Enterococcus hirae. Some 
bacterial cell lines can be cultured in a variety of growth media. For example, E. coli can 
be grown in several of the media studied herein.[382]   
 
The spectral bands we observed for diluted media are consistent with the components that 
comprise the medium.  Many possessed spectral features that were similar to those of 
other media.  For example, the spectra presented in Figure 6.7 for Nutrient Broth, 
Standard Methods Agar, Mueller-Hinton II Broth, Cooked Meat Medium, and Sabouroud 
Liquid Broth Modified all contained an intense Raman band between 725-730 cm
-1
 as 
well as a band between 1325-1330 cm
-1
 whose intensity varies among the five media.  
The 725-730 cm
-1
 band has been attributed in the literature to adenine from flavin,[182, 
380] the rocking vibration of CH2,[168] and C-O-O
-
 bend.[353]  The 1325-1330 cm
-1
 has 
been attributed to a C-H deformation for guanine or protein[174, 178, 351, 380-381] and 
specifically the amino acid tyrosine.[168]  Most of the spectra contained bands at 1000 
and 1030 cm
-1






Figure 6.7. SERS spectra acquired on bacterial growth media.  All stock media, 
prepared according to the manufacturer’s recipe, gave spectra similar in structure to 
that presented in Figure 6.1 (red trace). Each medium was diluted in nanopure in 
varying ratios.  The spectra presented in the figure were normalized to the peak of 
highest intensity and offset along the intensity axis for clarity of presentation. 
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phenylalanine[168, 178, 204, 380] and between 960-965 cm
-1
, a band often attributed to 
the C-N stretch.  All of these bands are expected for protein hydrolysates.  
 
Interestingly, these bands have also been assigned as signatures of specific bacteria (e.g. 
B. cereus,[177, 352, 355, 380, 383] Bacillus lichenformis,[163] Bacillus megaterium[163, 
172] Bacillus subtilus[168] and E. coil.[163, 167, 172, 174, 179, 297, 383-384] Spectral 
characteristics present in Raman and SERS spectra have been assigned to components of 
the protein coat and cell wall for various bacteria.  Some of the designated peaks for 
bacterial identification parallel peaks observed in diluted media spectra presented in this 
work.  Table 6.1 provides a more detailed listing of peaks observed in various growth 
media.  Also included in this table is a comparison of these spectral bands to those 
reported for both E. coli and B.cereus.  
 
Efrima and Zeiri[166] have previously commented on the fact that published SERS 
spectra on the same bacterium varies widely from group to group while the normal 
Raman spectra are quite similar.  Differences in SERS spectra have been attributed to 
variations in sample and substrate preparation, excitation wavelength, the type and shape 
of the SERS substrate (e.g. nanoparticles, nanorods), as well as the laser spot location and 
diameter relative to the bacteria.   In this context, we have compiled the spectra 
previously published for E. coli (Figure 6.8) and B. cereus (Figure 6.9) and compared 
them with our spectra.  The spectrum we report for E. coli, located at the top of Figure 
6.8, has features that are common to all other published spectra for this bacterium.    
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Table 6.1.  This table presents the spectral band assignments found in 
literature for E. coli and B. cereus with those found for the bacterial 
growth media presented in Figure 6.7.  
 
Bands Medium Bacteria 
~450 Selenite-F  
~525 Standard Methods Agar, Rapid Urea Broth E. coli [163, 172] 
~540 
Sabouroud Liquid Broth Modified, Gram 
Negative Broth, Meuller-Hinton II Broth E. coli [353, 384] 
~560 
Cooked Meat Medium, Selenite-F, Turbo 
Broth  
~575 Nutrient Broth E. coli [174, 179] 
~585 
Campylobacter Thioglycollate Medium, 
Cooked Meat Medium, Rapid Urea Broth E. coli [163] 
~630 Meuller-Hinton II Broth, Nutrient Broth E. coli [172, 174, 179] 
~660 
Peptone Water, Gram Negative Broth, Luria 
Broth, Nutrient Broth, Sabouroud Liquid 
Broth Modified, Standard Methods Agar, 
Turbo Broth, LB Broth, Cooked Meat 
Medium, Campylobacter Thioglycollate 
Medium 
E. coli [163, 172, 353, 
383, 385] 
B. cereus [383] 
~700 Meuller-Hinton II Broth, Selenite-F E. coli [174] 
~730 
Cooked Meat Medium, Nutrient Broth, 
Sabouroud Liquid Broth Modified, Superior 
Broth, Peptone Water, LB Broth, Luria 
Broth, Meuller-Hinton II Broth, Motility 
Test Medium, Standard Methods Agar, 
Turbo Broth 
E. coli [163, 172, 384-
385] 
B. cereus [383] 
 
~750 Gram Negative Broth E. coli [174, 179, 384] 
~780 
Campylobacter Thioglycollate Medium, 
Selenite-F, Turbo Broth E. coli [384] 
~800  E. coli [163, 353] 
~810  E. coli [174, 179, 384] 
~830 Turbo Broth  
~860 
Gram Negative Broth, Luria Broth, Rapid 
Urea Broth, Sabouroud Liquid Broth 
Modified, Turbo Broth Selenite-F E. coli [174, 179, 384] 
~870  E. coli [353, 385] 
~890 
Campylobacter Thioglycollate Medium, 
Selenite-F, Turbo Broth  
~930 Gram Negative Broth 
E. coli [163] 
B. cereus [383] 
~960 
Cooked Meat Medium, LB Broth, Nutrient 
Broth, Sabouroud Liquid Broth Modified, 
Standard Methods Agar, Turbo Broth, 
Meuller-Hinton II Broth 
E. coli [163, 172, 174, 









Campylobacter Thioglycollate Medium, 
Cooked Meat Medium, Gram Negative 
Broth, LB Broth, Meuller-Hinton II Broth, 
Motility Test Medium, Nutrient Broth, 
Peptone Water, Selenite-F, Standard 
Methods Agar, Turbo Broth E. coli [384] 
~1030 
Cooked Meat Medium, Gram Negative 
Broth, LB Broth, Meuller-Hinton II Broth, 
Motility Test Medium, Nutrient Broth, 
Peptone Water, Standard Methods Agar, 
Turbo Broth B. cereus [383] 
~1060 Turbo Broth 
E. coli [163, 172, 174, 
179] 
~1070  E. coli [353] 
~1090 Nutrient Broth E. coli  [174] 
~1100 Nutrient Broth, Turbo Broth 
B. cereus [383] 
E. coli [163, 172] 
~1130 
Meuller-Hinton II Broth, Sabouroud Liquid 
Broth Modified E. coli [385] 
~1150  E. coli [172] 
~1160 Rapid Urea Broth E. coli [174, 179] 
~1220 Turbo Broth E. coli [163, 384] 
~1230 
Motility Test Medium, Sabouroud Liquid 
Broth Modified, Rapid Urea Broth 
E. coli [172] 
B. cereus [383] 
~1240  E. coli [174, 179, 383] 
~1250 
LB Broth, Luria Broth, Meuller-Hinton II 
Broth, Nutrient Broth  
~1270  E. coli [353] 
~1280 Campylobacter Thioglycollate Medium E. coli [174, 179] 
~1290  E. coli [384] 
~1320 Nutrient Broth  
~1330 
Standard Methods Agar, Meuller-Hinton II 
Broth, Motility Test Medium, Nutrient 
Broth Peptone Water, Selenite-F, Turbo 
Broth 
B. cereus [383] 
E. coli [163, 383-384] 
~1340 LB Broth, Cooked Meat Medium E. coli  [353] 
~1350 Sabouroud Liquid Broth Modified E. coli  [174, 179] 
~1370 Nutrient Broth E. coli [383] 
~1380 
Campylobacter Thioglycollate Medium, 
Cooked Meat Medium, Motility Test 
Medium, Nutrient Broth E. coli [172] 
~1390 Rapid Urea Broth  
~1410 Meuller-Hinton II Broth E. coli [174, 179, 353] 




Table 6.1.  Continued 
 
 
~1420  E. coli [385] 
~1450 
Motility Test Medium, Peptone Water, 
Turbo Broth E. coli  [163, 383] 
~1460 
LB Broth, Nutrient Broth, Rapid Urea 
Broth, Sabouroud Liquid Broth Modified, 
Turbo Broth E. coli [172, 174, 179] 
~1470  B. cereus [383] 
~1540 Nutrient Broth E. coli [172, 174, 179] 
~1560 Cooked Meat Medium B. cereus [383] 
~1570  E. coli [384] 
~1580 
Meuller-Hinton II Broth, Motility Test 




Cooked Meat Medium, Luria Broth, 
Nutrient Broth, Nutrient Broth, Rapid Urea 
Broth, Sabouroud Liquid Broth Modified, 
Selenite-F 
 
E. coli [383] 
B. cereus [383] 








Similarly, the spectrum we report for B. cereus, located at the top of Figure 6.9, also has 
features that are common to three of the four published spectra for this bacterium.   
 
Careful examination of the spectra presented in these two figures reveals spectral features 
that are consistent throughout the set.  For example, the band at 725 cm
-1
 is present in 
every spectrum in the figure.  Its relative intensity is, in most instances, the strongest in 
the spectrum.   Other spectral features are inconsistent from spectrum to spectrum.  For 
example, the 930-1130 cm
-1
 band, previously assigned to membrane phospholipids,[386] 
is expected in the spectrum of Gram-positive bacteria.  However, it is observed in spectra 
of both E. coli and B. cereus with varying intensities.  Relative intensities in SERS are 
known to vary with incident beam wavelength, substrate composition and structure as 
well as orientation of the scattering moiety on the substrate and its position within the 
plasmon field.[24, 76, 92, 122, 125-126, 130, 153, 207, 209] 
 
Principle component analysis has been used to assess spectral differences between 
different bacterial types, species, and strains.[162, 168, 177, 387-390]  Often, 
classifications were based on subtle differences in spectra.  Heretofore, it has been widely 
assumed that washing of the bacterial sample with water effectively removes the growth 
medium and that the spectrum obtained on the sample is that of the cell wall.  It should be 
noted that published spectra of the media is featureless.  The results presented in Figures 
6.1 and 6.2 show that the spectra of diluted media are far from featureless.  Thus, by 
washing bacterial cell samples, previous workers may have been inadvertently diluting 





Figure 6.8. Published SERS spectra acquired on E. coli.  The spectra presented in 
the figure were taken from the papers designated by the reference.  Spectra were 
offset along the intensity axis for ease of comparison. The box outlines the spectrum 


















Figure 6.9. Published SERS spectra acquired on B. cereus.  The spectra presented in 
the figure were taken from the papers designated by the reference.  Spectra were offset 
along the intensity axis for ease of comparison.  The box outlines the spectrum 





resultant hierarchical clustering may have been influenced more by residual growth 
medium in the sample rather than by differences in the components of the bacterial cell 
wall.  We invite experts in multivariate analysis of SERS spectra to test this suspicion by 
challenging the spectra of diluted growth media against the existing hierarchical clusters 
for bacteria. 
 
Regardless of whether the above hypothesis is disproven, our findings provide strong 
impetus for a re-investigation of protocols commonly used in discriminating between 
bacterial cell type, species, and strain by SERS.  Given i) the structural and compositional 
similarities in the bacterial cell wall structure, ii) the lack of consensus on the spectral 
attributes of a specific bacterial species, iii) the similarity in spectral features between the 
medium and the bacterium, and iv) the variability in sample and substrate preparation 
methods, there exists a clear need for acquisition of SERS spectra on bacterial samples 
devoid of growth medium.   
 
We have definitively demonstrated that small quantities of medium present in the sample 
give rise to a strong SERS response.  This response reflects the affinity of medium 
components for the substrate surface and their favorable mass transport characteristics, 
relative to that of the intact bacterial cell.  Should the preparation of a medium-free, intact 
and viable bacterial sample prove elusive, then spectra characteristic of a given bacterial 
type, species and strain will be obtainable using either confocal Raman[158, 167, 178, 








Silver nanorod (AgNR) arrays fabricated by glancing angle deposition (GLAD) have 
found application as substrates for surface enhanced Raman scattering (SERS).[134-140, 
145, 147-148, 198, 292, 303, 391]  Recently, there have been several reports for the use 
of SERS for biomolecular detection.  Of particular interest has been the detection of 
whole cell bacteria,[177, 179, 181] whole virus particles,[132, 139] viral 
biomarkers,[197] biofilms[203] and viral genomic material such as DNA.[1, 6, 115, 207]  
Currently, diagnostic methods for viruses are based on polymerase chain reaction (PCR), 
enzyme-linked immunosorbent assay (ELISA) and cell cultures.[392-394]  Both PCR and 
ELISA are time consuming, expensive and require skilled technicians with little to no 
virus recovery after testing.  Although cell cultures allow for viral recovery, samples 
require a few days to culture as well as a skilled technician to carry out the testing.[394]  
Thus, a rapid, reliable, and sensitive means of viral detection is still needed.   
 
A possible means for accomplishing this is a DNA or RNA hybridization assay to detect 
a specific strain of a virus.  An attractive virus to use for these initial studies is respiratory 
syncytial virus (RSV) as it is a fairly simple virus with only two known strains.  RSV is a 
negative sense RNA virus from the Paramyxoviridae family[12]  mainly affecting small 
children and the elderly during a yearly 4-6 month outbreak period.[395]  It is the leading 
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cause for hospitalization for children under the age of one with more than 120,000 
admissions each year.[396-397]  RSV is highly contagious and causes a considerable 
portion of lower respiratory tract infection in young children, the elderly and the immune 
compromised.[398]  A rapid, reliable, and sensitive method of detection would be 
beneficial to aid in diagnosing, treating and preventing infection.   
 
In this chapter, the use of AgNR substrates for assaying nucleic acid hybridization is 
critically evaluated.  Oligonucleotide (oligo) pairs specifically designed to detect RSV in 
nasal fluids were prepared and evaluated (see Table 7.1).  SERS spectra acquired on 
oligos, alone or in combination, contain the known spectral signatures of the nucleotides 
that comprise the oligo.  Spectra acquired on an oligo with a 5’- or 3’-thiol were 
distinctly different from that acquired on the identical oligo without a thiol pendant group 
suggesting some control over the orientation of the oligo on the nanorod surface.  The 
signal enhancement in SERS depends markedly upon the location of the probe relative to 
the substrate surface.[9, 23, 82-83]  By systematic placement of nucleotide markers along 
the oligo chain, we have identified the point at which the nucleotide disappears from the 
spectrum.  Additional studies were performed using silver nanoparticle (AgNP) 
substrates using dynamic light scattering (DLS), scanning electron microscopy (SEM), 
and tunneling electron microscopy (TEM) to provide further support that thiolated DNA 
was standing up off the surface.  Additionally, atomic force microscopy (AFM) studies 
were performed on an atomically flat silver surface.  The findings presented in this 




Rhodamine-6G (R6G) was used to test SERS activity of the AgNR array substrate (see 
Chapter 3 for a more detailed description of SERS activity using R6G as a Raman active 
probe analyte).  A 1X solution of saline-sodium citrate (SSC) buffer was prepared using 
150 mM sodium chloride and 15 mM trisodium citrate in nanopure water (Ω) and 
adjusted to a pH of 7 using hydrochloric acid.  Ammonium acetate (AmAc) was used to 
prepare a 50 mM buffer solution (all purchased from Fischer Scientific, Pittsburgh PA).   
 
DNA sequences Poly-A, Poly-C, Poly-T, Poly-G, RSV-1 thiol, RSV-2, RSV-3 thiol, 
RSV-4, RSV-5 thiol, RSV-6, RSV-7 thiol, RSV-8, RSV-9 thiol, and RSV-10 were 
purchased from Integrated DNA Technologies Inc. (Coralville, IA) and RSV-2 thiol, 
RSV-4 thiol, RSV-6 thiol, RSV-8 thiol, RSV-10 thiol, 1AC, 1AC-2, 2AC, 3AC, 4AC, 
5AC, 6AC, 7AC, 8AC, 9AC, 10AC, A3C12, C3A3C9, C5A3C7, C7A3C5, A5C10, 
C5A5C5, C10A5, and A10C5 were purchased from Midland Certified Regent Company, 
Inc. (Midland, TX).  All sequences are listed in Tables 7.1 and 7.2.  DNA was used as 
received without further purification and stock solutions were prepared in nanopure 
water.  Further dilutions were made using nanopure water, 1X SSC, and 50 mM AmAc 
buffer.   
7.3. Methods 
7.3.1. SERS Substrates 
AgNR SERS substrates were fabricated and stamped as described previously in Chapter 
3, section 3.2.1.  Silver nanoparticles (AgNP) were synthesized using citrate 
reduction[399] by Steven Hayden in Professor Mostafa El-Sayed's research lab at  the 
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Georgia Institute of Technology.   Briefly, a 1 mM silver nitrate solution was prepared 
and brought to a rolling boil followed by addition of a 10 mg/mL solution of trisodium 
citrate.  The reaction mixture was held at a constant temperature and boiled until the 
solution turned yellow-grey in color.  The absorbance spectrum of stock nanoparticles 
was obtained using a Shimadzu UV -1601 UV-visible spectrophotometer (Columbia, 
MD).  A single peak centered at ~430 nm was observed over the spectral range from 200 
to 900 nm. 
 
Particles were functionalized with both ssDNA and dsDNA.  DNA was added in a 
threefold excess to ensure complete functionalization of the surface and incubated for at 
least 8 hours prior to analysis.  A control solution was prepared where nanopure water 
was added in place of DNA to keep the particle densities consistent between all samples.  
Samples were washed by centrifugation for three minutes at 14,000 rpm followed by re-
suspension in nanopure water to remove any residual DNA.   
7.3.2. SERS Characterization 
SERS measurements were carried out as described in Chapter 3, section 3.2.3.  Spectra 
were not normalized or rescaled unless otherwise noted.  For AgNP substrates, a 5 µL 
aliquot of functionalized nanoparticles were deposited and allowed to evaporate on a 
silver coated 1" x 3" glass microscope slide.  The same experimental parameters were 
used for both AgNRs and AgNPs substrates.   
7.3.3. Scanning Electron Microscopy (SEM) Characterization 
SEM micrographs were acquired as described in Chapter 3, section 3.2.3 for AgNR 
arrays.  The same used for SERS analysis were also imaged using the SEM.  Images were 
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Table 7.1. Sequences designed to unique portions of the RSV genome.  Odd 
numbered and thiolated sequences correspond to the probe capture oligo and 
the even numbered nonthiolated sequences correspond to the compliment.  
Custom designed oligos correspond to RSV in general as well as the two 
strains, A and B.  Each sequence was synthesized with and without a 
pendent thiol group.  For 5' thiol groups a C6 linker was used and for 3' thiol 
groups a C3 linker was used. 
 




RSV-1 5'-GCATTCATAAACAATCCTGCA-3’ RSV 
RSV-1-SH 5'-SH-GCATTCATAAACAATCCTGCA-3’ RSV 
RSV-2 5’-TGCAGGATTGTTTATGAATGC-3’ RSV 
RSV-2-SH 5’-TGCAGGATTGTTTATGAATGC-SH-3’ RSV 
RSV-3 5'-CTTCATTGTTATCAAATGTTTC-3’ RSV 
RSV-3-SH 5'-SH-CTTCATTGTTATCAAATGTTTC-3’ RSV 
RSV-4 5’-GAAACATTTGATAACAATGAAG-3’ RSV 
RSV-4-SH 5’-GAAACATTTGATAACAATGAAG-SH-3’ RSV 
RSV-5 5’-TGCAGTATCATCTGTCTC-3’ RSV, Strain A  
RSV-5-SH 5’-SH-TGCAGTATCATCTGTCTC-3’ RSV, Strain A 
RSV-6 5’-GAGACAGATGATACTGCA-3’ RSV, Strain A 
RSV-6-SH 5’-GAGACAGATGATACTGCA-SH-3’ RSV, Strain A 
RSV-7 5’-TGGGGTACTGTCGGCTTC-3’ RSV, Strain B  
RSV-7-SH 5’-SH-TGGGGTACTGTCGGCTTC-3’ RSV, Strain B  
RSV-8 5’-GAAGCCGACAGTACCCCA-3’ RSV, Strain B  
RSV-8-SH 5’-GAAGCCGACAGTACCCCA-SH-3’ RSV, Strain B  
RSV-9 5’-AGCTCATCTTAAAGC-3’ RSV 
RSV-9-SH 5’-SH-AGCTCATCTTAAAGC-3’ RSV 












acquired using the same settings and protocols described for AgNR arrays in Chapter 3, 
section 3.2.3. 
7.3.4. Transmission Electron Microscopy (TEM) Characterization 
TEM micrographs were acquired by Adam Poncheri in Professor Mostafa El-Sayed's 
research lab at the Georgia Institute of Technology.  A JEOL JEM 100CX II electron 
microscope (JEOL Ltd., Tokyo 196-8558, Japan) was used to acquire images with an 
accelerating voltage of 100 kV.  Images were taken at 40K and 100K time magnification 
for AgNPs functionalized with thiolated and nonthiolated DNA.   
7.3.5. Dynamic Light Scattering (DLS) Measurements 
DLS measurements were taken by Nicholas Haase in Professor Nils Kroger’s research 
lab at the Georgia Institute of Technology using a Zetasizer Nano Series Nano-ZS 
(Malvern Instruments, Ltd., Worcestershire, United Kingdom).  The material parameter 
was set to silver with a refractive index of 0.56 and the absorbance at 633 nm was 0.00.  
Measurements parameters were as follows: measurement beam was set to 633 nm, 
collection was at 173° backscatter and a total of 10 runs at 10 sec/run were averaged 
together to give the diameter for silver nanoparticle solutions.  Measurements were 
acquired for AgNPs functionalized with thiolated and nonthiolated DNA. 
7.3.6. DNA Melting Curves 
Melting curves were performed by Ragan Buckley in Professor Nicholas Hud's research 
lab at the Georgia Institute of Technology. An Agilent 8453 UV-Vis diode array 
spectrophotometer with an Agilent 8909A Peltier temperature control device was used to 
take measurements.  Specifically, two heating (5 – 95 °C) and two cooling (95 – 5 °C) 
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cycles were carried out at 1 °C increments.  The cuvette path length was 1 cm.  Melt 
curves were obtained by plotting absorbance at 260 nm versus temperature and taking the 
1st derivative.  The sample size was 625 µL at a concentration of 60 µM.  Melts were 
carried out in 1X SSC, 50 mM AmAc and nanopure water. 
7.3.7. AFM Imaging 
AFM imaging was performed by Kelsey Beavers in the Bottomley research lab.  
Substrates were prepared using a custom made polydimethylsiloxane (PDMS) stamp 
created from a Sylgard 184 Silicone Elastomer Kit (Dow Corning, Midland, MI).  PDMS 
was allowed to set for 24 hours at room temperature.  A 1.0 mm diameter circle was cut 
into the PDMS to allow for a void in transferred material at the surface.  For height 
comparison studies, a 1.0 mM solution of 1-dodecanethiol (Sigma-Aldrich®, St. Louis, 
MO) in ethanol was applied to the stamp and transferred to a freshly cleaved template-
stripped silver surface.  Excess ethanol was allowed to evaporate prior to backfilling the 
circular void with 1 µL of 0.1 mM thiolated or nonthiolated DNA.  Samples were 
allowed to evaporate and stored in a desiccator until imaging.  All images were acquired 
using a Nanoscope IIIa (Veeco, Santa Barbra, CA) scanning probe microscope operating 
in tapping mode under a nitrogen atmosphere using NSC35/AlBS cantilevers 
(Mikromasch, San Jose, CA).  Scan domains were varied from 1-4 µm, while scan rates 
ranged from 1-2 Hz.  Force curves and cantilever resonance data were acquired under 
atmospheres of N2 and air using an MLCT-AUHW cantilever (Veeco, Santa Barbra, CA) 
with a spring constant of 0.067 N/m, and a deflection sensitivity of 54 nm/V. 
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7.4. Results and Discussion 
Oligomers were designed to analyze the sensitivity of the AgNR SERS substrates for 
DNA detection.  Initially, spectra were acquired on oligos consisting of a single base, 
namely Poly-A, Poly-C, Poly-T and Poly-G.  Due to stability issues, Poly-G was 
alternating GGGA segments.  Because of this, adenine peaks were expected in the 
spectrum.  The resulting spectra for all poly DNA is presented in Figure 7.1.  The spectral 
bands in the individual spectra for each base correspond to results reported previously in 
literature regarding SERS of single DNA bases.[6, 8]  It is clear from these spectra as 
well as previous literature[1-8] that the relative intensities of several peaks changes with 
sequence.  These are: 680, 730, 790, 1300, 1320, and 1360 cm
-1 
as they are the sharpest 
and most sensitive to any variation in DNA sequence.  Figure 7.2 presents a spectrum for 
a DNA oligo containing all four nucleotides.  The major spectral bands are labeled to 
designate the major spectral features associated with each nucleotide.  Table 7.2 provides 
these assignments compiled from literature for each peak in the spectrum.   
 
Oligos with sequences specific to unique portions of RSV genome were designed and 
synthesized.  Table 7.1 presents the single stranded DNA (ssDNA) sequences used in 
these studies relating to regions of the RSV genome.  Odd numbered sequences 
correspond to the oligo used as the probe molecule, and the even numbered sequences 
correspond to the strand complementary to the probe.  Oligos were designed to target 
strain A (RSV-5 and RSV-6) and strain B (RSV-7 and RSV-8) separately as well as RSV 











Figure 7.1. SERS spectra acquired for Poly-DNA oligos.  All oligos were diluted in 
nanopure water.  For analysis, 5 µL aliquots of a 1 x 10
-5
 M solution were applied to 













Figure 7.2. Generic SERS spectrum for a DNA oligo.  The peaks of interest are 
indicated with an arrow and are labeled with the corresponding base.  Specific bands 
of interest are 730 cm
-1
 and 790 cm
-1
 corresponding to the ring breathing and 




Table 7.2. Complied list of spectral band assignments specific to each DNA 
nucleotide from literature.[1-8] 
Cytosine  Spectral Band (cm
-1
) 
Ring Breathing  796  
Amino Group (NH2)  1020, 1212  
C=C Stretching  1640  
Thymine   
Ring Stretch and CH Bending  1275  
C=O Stretching  1652  
C=C Stretching  1562, 1584  
Sym. Ring Stretching  776  
C-CH3  992, 1372  
Adenine   
Ring Stretching  732 
External Amino  960, 1028,1122  
Single Bond Stretching  1334  
Guanine   
Symmetric Ring Stretching  656  
Single Bond Stretching  1384, 1458, 1514,1582  




acquired on all ten oligos in nanopure water to investigate spectral variations correlating 
to changes in the sequence.  Figure 7.3 presents the resulting spectra.  The spectra have 
been background corrected, normalized to the peak of highest intensity and offset for 
clarity.  The spectral bands that appear in the spectra match those previously reported in 
literature for DNA bases.[1-2, 6-8, 109, 184, 400]   
 
Specific bands of interest are the intense and sharp peaks at 730 cm
–1
 and 790 cm
–1
 
corresponding to the ring breathing and stretching modes for adenine and 
cytosine/thymine, respectively.  The strong peak at 1030 cm
-1
 was not used in analysis 
because the overall intensity is influenced by shoulders off the main peak corresponding 
to thymine and cytosine ring stretching.   The ratio of the 730 cm
–1
 and 790 cm
–1
 peak 
intensities were compared for all spectra acquired on single stranded RSV oligos and 





 bands versus sequence composition, designated as ΣA’s/(ΣC’s + ΣT’s).  The 
resulting linear relationship validates the use of the intensity ratio for tracking the 
sensitivity of the SERS spectrum to a variation in sequence composition.  Additionally, 
this ratio can be utilized to correct for day to day variability in peak intensities.   
 
Experiments were carried out on both complementary and noncomplementary pairs of 
DNA to distinguish between non-specific binding and hybridization.  Experimental 
conditions were systematically adjusted to enable and inhibit DNA hybridization.  The 
adjustments included changing buffer type and concentration, orientation of the probe 
















Figure 7.3. SERS spectra for the RSV oligos listed in Table 7.1.  All oligos are 















Figure 7.4.  Plot of intensities for the 730 cm
–1
 and 790 cm
–1
 bands versus sequence 
composition, designated as ΣA’s/(ΣC’s + ΣT’s) for the nonthiolated single stranded 
RSV oligos presented in Table 7.1.  The linear trace supports the use of the use of the 




were acquired on each pair of oligos alone and in combination, for both complementary 
and noncomplementary pairs.  Noncomplementary pairs were analyzed in water rather 
than 1X SSC buffer to ensure that incomplete or partial hybridization did not occur.   
 
Figure 7.5 presents the background corrected SERS spectra acquired for one set of 
complementary oligos, RSV-7 (blue trace) and RSV-8 (pink trace).  The plot depicts the 
oligos alone and in combination (green trace) in a 1X SSC buffered solution.  The hybrid 
was pre-formed in a centrifuge tube prior to application to the well and hybridization was 
verified through a DNA melting curve of the sample (see Figure 7.6).  The relative peak 
intensities varied for the ssDNA versus hybridized dsDNA indicating that differences in 
the DNA sequences were detected at the AgNR surface.  However, no new or unique 
peaks to be associated with the hybridization event were observed.  The results presented 
for RSV-7 and RSV-8 were typical of all pairs of complementary RSV oligos listed in 
Table 7.1.   
 
Spectra acquired in SSC buffer solution possessed much lower peak intensities relative to 
spectrum acquired in the absence of buffer.  This is due to crystal deposits within the 
nanorod array (See Chapter 3, Figures 3.7 and 3.8 for a direct comparison of water and 
1X SSC solutions of R6G).  Since cations are required for formation and stabilization of 
dsDNA, alternative buffers were investigated.  All nonvolatile buffers gave similar 
results.  Spectra acquired on ssDNA and dsDNA prepared in 50 mM AmAc buffer 
(Figure 7.7) gave modest improvement.  Since AmAc is a volatile buffer, crystalline 













Figure 7.5. Plot of the SERS spectra acquired for a set of complementary oligos.  
RSV-7 (blue trace) and RSV-8 (pink trace) are presented alone and in combination 
(green trace) in a 1X SSC buffer solution.  The green trace is representative of the 




1X SSC Buffer 
 






Figure 7.6. Plot of the DNA melting curves obtained for a set of complementary 
oligos.  A total of two heating and two cooling steps were employed for all curves.  
The three plots were acquired on DNA in different solutions;  1X SSC, 50 mM 
AmAc, and nanopure water.  It is clear that 1X SSC and AmAc provides and 
environment conducive for hybridization and water does not.  
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buffer to sublime off the surface.  The relative intensities for the single stranded and 
double stranded oligos acquired from AmAc buffered samples change in a similar fashion 
to those obtained from 1X SSC buffer samples.  This provides further support that the 
spectra track changes in DNA sequence when the oligos lie on the AgNR surface.   
 
Studies were also conducted on noncomplementary oligos with thiol termini.  Figure 7.8 
presents the background corrected SERS spectra for thiolated RSV-7 and RSV-10 oligos 
alone (pink and blue traces) and in combination (green trace).  The results obtained for 
this set of oligos was consistent with the results obtained on other combinations.  
Examination of the three spectra shows that a change in relative peak intensities is still 
observed, however one cannot determine that this change is due to a hybrid or non-
specific binding at the AgNR surface.  This discovery is troublesome in regards to 
developing a hybridization assay for viral diagnosis. 
 
It is interesting to note that the peaks corresponding to adenine acquired on thiolated 
RSV-7 was barely distinguishable from the background.  Since RSV-7 contains a single 
adenine located seven nucleotides from the pendent thiol linker, the low intensity of the 
730 cm
-1
 band may indicate poor sensitivity of the assay or that the adenine is too far 
from AgNR surface to be detected.  Many studies have shown that detection of a single 
base mismatch is possible with SERS.[1-2, 6, 400]  The latter explanation is plausible if 
and only if the ssDNA oligo is "standing up" off the surface.  To test this hypothesis, all 













Figure 7.7. Plot of the SERS spectra acquired for one set of complementary oligos.  
RSV-7 (blue trace) and RSV-8 (pink trace) are presented alone and in combination 
(green trace) in a 50 mM AmAc buffer solution.  The green trace is representative of 










Figure 7.8. Plot of noncomplementary ssDNA; RSV-7 (blue trace) and RSV-10 (pink 
trace) are presented alone and in combination (green trace).  The two strands are not 
complementary to one another and will not produce a double stranded hybrid.  From 
the plot it is clear that a change in relative peak intensities is still seen, and one cannot 
discriminate non-specific binding at the AgNR surface.  
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acquired for all single stranded RSV oligos with and without a pendent thiol linker in 
nanopure water (see Table 7.1 for listing of sequences).   
 
Figure 7.9 presents SERS spectra acquired on two of the ten RSV oligos, RSV-3 and 
RSV-9.  Data was background corrected and the plots were truncated to focus on a 
portion of the entire SERS spectra.  Both the thiolated (blue trace) and nonthiolated (pink 





 peaks are evident.  For RSV-3, the ratio of 730 to 790 cm
-1 
is 
0.96 for the non-thiol and 0.38 for the oligo with a pendent thiol linker.  For RSV-9, the 
ratio of 730 to 790 cm
-1
 is 1.08 for the nonthiolated form and 0.52 for the thiolated oligo.  
These results suggest that there is a definite difference in orientation between the 
thiolated and nonthiolated forms of ssDNA oligo on the silver surface 
 
To test this hypothesis, oligos comprised of only adenine and cytosine were designed.  
The rationale behind using only A and C is: 1) the response from these two bases is the 
strongest; thus there should be a higher degree of sensitivity to change in relative position 
of A (see Figure 7.1)[6, 8], 2) any change in the 730 to 790 cm
-1 
ratio is a function of the 
nucleotide concentration and distance from the surface since the 730 cm
-1
 peak is unique 
to adenine and the 790 cm
-1
 peak is unique to cytosine.  The sequences used for these 
"Moving A" studies are presented in Table 7.3.   
 
Spectra were acquired on DNA probes where a set number of adenine was at the 







Figure 7.9. Plot of the SERS spectra acquired for two oligos with (blue trace) and 
without (pink trace) a pendent thiol group.  The top plot provided the truncated 
spectra acquired for RSV-9 and the bottom spectra presents the spectra for RSV-3.   
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Table 7.3. Sequences designed to probe the dependence of the position and 








































for the RSV oligos.  Figure 7.10 presents the plot of the ratio of peak intensities versus 
number of As proximal to the silver surface.  If the strand lies on the surface, all 
nucleotides should be sensed as seen in Figure 7.3.  If the strand is standing up off the 
surface, then the known distance dependence of the SERS signal should result in a 
decrease in sensitivity as the given nucleotide moves further away.  The relationship for 
this subset of Moving A oligos is not linear; the ratio of intensities plateaus after only 5 
nucleotides from the surface.  This suggests an orientation difference between thiolated 
and nonthiolated ssDNA oligos.  This result is consistent with the established distance 
dependence for the electromagnetic enhancement mechanism.[82, 86] 
 
Additional 15mers were designed moving single or multiple adenine bases systematically 
from the AgNR surface.  These sequences are also provided in Table 7.3.  Oligos were 
designed in three different sets where a single adenine (1A), three adenines (3A), or five 
adenines (5A) were moved further from the surface.  In addition to these three sets, an 
oligo was designed without a pendent thiol.  This data point was used to establish a 
distance of zero from the AgNR surface.  The results from SERS spectra acquired on 
these subsets of DNA oligos is presented in Figure 7.11.  For all three sets, 1A, 3A, or 
5A, a clear fall-off of intensity occurs when the adenine are moved further from the 
surface.  The trend of the intensity fall-off mimics that presented in previous reports.[82, 
86]  These results also confirm and support the strong distance dependence of the SERS 
electromagnetic enhancement mechanism.  The dramatic decrease in sensitivity with 
distance from the surface is problematic for development of a hybridization assay since 










Figure 7.10.  Schematic representation of the DNA oligos used to investigate the 
distance dependence of SERS at the AgNR surface.  Also presented is a plot of the 
ratio of peak intensities for 730 to 790 cm
-1
 peaks as a function of adenine 
concentration.  The curvi-linear relationship provides additional support that 
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Figure 7.11. Plot of the ratio of intensities for the 730 to 790 cm
-1
 peaks as a 
function of the mean position of adenines.  The inset is a schematic representation of 
oligo sequences designed to probe the distance dependence at the AgNR surface.  
Also presented is the ratio of.  The curved shape of the lines clearly depicts the 
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Differences in the SERS spectra of thiolated and nonthiolated DNA clearly indicate that 
the thiolated DNA is "standing up" off the surface.  To determine the distance and angle 
that the ssDNA oligos extend from the surface additional studies were carried out.  Silver 
nanoparticles (AgNPs) were employed as a base substrate instead of AgNRs to enable 
examination of the adlayer by dynamic light scattering (DLS), SEM and transmission 
electron microscopy (TEM).  Flat silver surfaces were examined using cyclic 
voltammetry (CV) and atomic force microscopy (AFM) to probe binding of DNA 
through the thiol terminus and examine the packing density and surface coverage.  
 
SEM micrographs were obtained for AgNPs with and without DNA functionalization.  
Figure 7.12 presents the images for (a.) untreated, (b.) thiolated and (c.) nonthiolated 
RSV-5 AgNP solutions.  Images were acquired on the evaporation ring to determine the 
shape and size distribution of the AgNP samples. 
 
DLS was used to investigate determine whether a change in the hydrodynamic radius of 
the AgNPs occurred when they were functionalized with thiolated vs. nonthiolated DNA 
solutions.  AgNPs were treated with thiolated and nonthiolated RSV-5 and RSV-6 (see 
Table 7.1 for the sequences).  Both ssDNA and dsDNA were analyzed in comparison to 
naked AgNPs used as a control.  The dsDNA was hybridized prior to incubation with the 
AgNPs.   
 
Figure 7.13 presents the DLS results for single stranded thiolated RSV-5, single stranded 












Figure 7.12. SEM micrographs depicting control AgNPs (a.) and RSV-5 both 
thiolated (b.) and nonthiolated (c.) for comparison.  Because of the evaporation 
effects upon drying of the solution, the particles were all aggregated in an ring on the 
flat silver substrate.   
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superimposed on the plots to aid in peak comparison and is centered on the control 
AgNPs peak.  The average diameter for the RSV-5 thiol solution (Figure 7.13a.) was 
centered at 80.84 nm whereas the non-thiol solution (Figure 7.13b.) was centered at 95.21 
nm suggesting a difference in the hydrodynamic radius.  Comparison of the control 
(Figure 7.13c.), where the radius is 96.08 nm, with the nonthiolated DNA indicates that 
their hydrodynamic radii are very similar.  Prior to acquiring DLS measurements, the 
particles were washed to remove excess and unbound DNA.  The sensitivity of the values 
for the nonthiolated DNA sample and the control suggest that washing the particles 
essentially removed the DNA.  The trend observed with RSV-5 was similar to RSV-6; 
thiolated RSV-6 had a radius centered at 83.45 nm and nonthiolated RSV-6 has a radius 
centered at 99.71 nm.  Again, the nonthiol is very close to the control AgNPs radius.  
Upon DNA binding, the radius should have increased, but instead the radius decreased.  
A possible explanation for the trends observed is that a decrease in the degree of 
aggregation occurred upon DNA functionalization of the AgNPs.   
 
The dsDNA was analyzed in the same manner as the ssDNA samples.  Figure 7.14 
presents the DLS plots for single stranded RSV-5, double stranded thiolated RSV-5/6 
hybrid, and the control AgNPs.  The dotted blue line has been included in a similar 
fashion to Figure 7.13, and centered on the control peak.  For the hybrid, the radius is 
centered around 89.93 nm.  It is clear in the figure that both thiolated RSV-5 and 
thiolated RSV-5/6 hybrid peaks fall to the right of the control peak suggesting that both 
forms of the thiolated DNA are bound and standing up off AgNP surface, as dsDNA has 






Figure 7.13. Plots of the DLS measurements obtained on AgNP solutions 
containing single stranded thiolated RSV-5 (a.), single stranded nonthiolated RSV-5 
(b.), and the control (c.). The dashed blue line has been superimposed on the plots to 
aid the reader in peak comparison.  The line is centered on the peak for the control 






Figure 7.14. Plots of the DLS measurements obtained on AgNP solutions 
containing single stranded RSV-5 thiol (a.), double stranded RSV-5/6 hybrid (b.), 
and the control (c.). The dashed blue line has been superimposed on the plots to aid 
the reader in peak comparison.  The line is centered on the peak for the control 
AgNP solution.    
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SERS measurements were acquired on each AgNP solution to determine if the DNA was 
indeed bound to the nanoparticle surface.  Prior to SERS analysis, each nanoparticle 
solution was washed to remove any excess analyte not bound to the AgNP surface.  
Because of this, SERS spectra would result only if the probe molecule was bound to the 
surface.  In addition to RSV-5 and RSV-6, AgNPs were functionalized with R6G to 
compare the intensities of the nanoparticles with that of the AgNR arrays.  Specifically, 5 
µL aliquots of each AgNP solution was allowed to evaporate onto a flat silver base 
substrate.  Because of the evaporation effects, spectra were obtained on the evaporation 
ring (see the SEM image in Figure 7.12).[406]  Figure 7.15 depicts the spectrum obtained 
for R6G on both AgNRs (blue trace) and AgNPs (red trace).  The intensity is much lower 
for the AgNPs than AgNRs under the same experimental conditions.  It is conjectured 
that the decrease in sensitivity is due to the incident beam being non-resonant with the 
AgNPs, significantly diminishing enhancement at 785 nm excitation.   
 
Spectra acquired for single stranded thiolated and nonthiolated RSV-5 functionalized 
nanoparticles (blue and green trace, respectively) are presented in Figure 7.16. Also 
includes is the spectrum for the untreated nanoparticles (red trace).  When compared to 
the spectrum obtained for thiolated RSV-5 on AgNRs (see Figure 7.17) the locations and 
relative intensities of the peaks are comparable suggesting that thiolated DNA binds to 
the surface of AgNPs in a similar fashion as AgNR arrays.  The characteristic DNA peaks 
were absent from the spectra acquired on the control particles as well as on AgNPs 













Figure 7.15. SERS spectra acquired on AgNRs (blue trace) and AgNPs (red trace) 
for comparison using R6G as the probe analyte.   It is clear that the enhancement 












Figure 7.16. SERS spectra acquired on both thiolated (blue trace) and nonthiolated 
(green trace) RSV-5.  Included for comparison is the spectrum acquired on the 
control AgNPs (red trace).  It is clear that the thiolated DNA is binding to the 













Figure 7.17. SERS spectra acquired on thiolated RSV-5 for both AgNPs (red trace) 
and AgNRs (blue trace).  The experimental parameters were the same for both SERS 
substrates.  The spectrum obtained on the AgNRs is presented on the secondary axis 
because of the large difference in intensity.   
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thiolated DNA is bound to the particles and nanorod array surface via the thiol terminus.  
Similar results were obtained for single stranded RSV-6 on both base substrates.   
  
To verify reactivity of the thiol with the silver surface, CV was performed by Megan 
Damm of the Bottomley research group.  Cyclic voltammetry measurements were made 
by the potentiostat mode of the WaveNano, manufactured by Pine Instruments (Raleigh, 
NC).  Two experiments were performed.  The first examined the stripping of a well 
characterized alkanethiol  from the surface of gold and silver.  For this experiment a  5.0 
mM solution of 6-mercapto-1-hexanol was made in 0.1 M KNO3.  The solution was 
purged with Ar for five minutes to displace dissolved oxygen from solution.  The counter 
electrode was a platinum wire, and the reference electrode was an Ag/AgCl wire 2 mm in 
diameter.  Figure 7.18 (blue trace) depicts the CV obtained at a gold disc working 
electrode approximately 5 mm in diameter.  The potential sweep began at -0.3 V, rose to 
0.25 V, fell to -1.0 V, and returned to -0.3 V at a scan rate of 100 mV/s , completed for a 
total of two scans.  The reduction peak of the thiol occurred at -0.790 V with an Ip of -
98.6 µA on the first scan, and on the second scan, the peak appeared at -0.800 V with an 
Ip of -93.2 µA.  The oxidative peak appeared on both scans as well, the first scan peak 
appeared at -0.580 V with a peak height of 3.23 µA whereas the second scan peak 
occurred at -0.584 V with a peak height of 2.75 µA.  Figure 7.18 (red trace) depicts the 
CV obtained on a silver disc working electrode of approximately 2mm in diameter.  The 
potential region of interest and the scan rate were the same as the previous experiment.  
The traces of both scans overlapped and redox peaks were hard to determine against 
capacitive current.  After this, the reaction cell and electrodes were again rinsed, and the 
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Ag electrode was allowed to soak in the 5.0 mM thiol solution for 30 minutes.  The 
experiment was repeated with the thiol-coated Ag electrode.  Thiol reduction peaks 
appeared on the first and second scans at -0.685 V, -2.20 µA  and -0.680 V, -1.59 µA, 
respectively, and an oxidation peak occurred at -0.340 V and 0.356 µA.  The peak 
observed at -0.790 V corresponds to the well-characterized reductive desorption of 
alkanethiol from the Au surface.[407-408]  The similarity in the location and shape of the 
peak observed at -0.685 V for the silver electrode suggests that thiols desorb from the 
silver surface in a similar fashion.     
 
For the second experiment, working electrodes were coated with thin films of both 
thiolated and nonthiolated DNA.  Monolayer films were prepared by pipetting precise 
volumes of known concentration onto the working electrode surface and allowed to 
evaporate for 30 minutes.  This procedure was performed instead of the one described in 
the first experiment due to the volume of the electrochemical cell and the limited amount 
of DNA available.  The working electrode was immersed in solution and the scan was 
initiated as described above.  The nonthiolated DNA showed a peak at -0.510 V with a 
peak height of -1.16 µA  while the thiolated DNA displayed peaks at -0.810 V, -1.94 µA 
on the first scan and -0.830 V, -0.841 µA on the second scan.  This is shown in Figure 
7.19.  The similarity in the shape and position of the peak for desorption of C6 thiol and 
thiolated DNA on the silver surface is further evidence that thiolated DNA binds to the 
















Figure 7.18. Cyclic voltammograms of 5 mM thiol solutions using gold (blue trace) 
and silver (red trace) working electrodes.  The silver electrode is plotted on the 














Figure 7.19. Cyclic voltammograms of thiolated (blue trace) and nonthiolated (red 
trace) RSV-6 DNA adsorbed to silver working electrodes. 
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TEM images were acquired to investigate the length of DNA standing up off the AgNP 
surface.   Figure 7.20 presents TEM images of untreated (control) AgNPs.  These images 
were acquired following evaporation of the same solutions of AgNPs used for DLS, 
SERS, and SEM.  Apparent in these images are the differing shapes and sizes of particles 
that comprise this sample.  Figure 7.21 presents TEM images of nonthiolated RSV-5 
functionalized AgNPs.  The particle shapes and sizes are comparable to those of the 
naked AgNPs.   Figure 7.22 presents TEM images of thiolated RSV-5 functionalized 
AgNPs.  These samples contained an added feature, or "halo," surrounding the particles.  
This feature was not confined to aggregate assemblies, but was found on isolated 
particles coated with thiolated DNA as well.  Figure 7.23 shows a comparison of isolated 
nanoparticles for control, nonthiolated, and thiolated DNA.  It is clear from the TEM 
image of the AgNP functionalized with thiolated RSV-5 that a halo exists around the 
outside of the particle.  The thiolated RSV-5 sample appears to have more spacing 
between the particles, however it is difficult to determine if the halo observed for the 
single AgNP exists for all the particles in the aggregate (see Figure 7.22).    
 
Since dsDNA is a rigid structure and has been shown to "stand-up,"[401-405]  TEM 
images were also acquired on AgNPs treated with thiolated dsDNA.  The micrographs 
are presented in Figure 7.24, with the control and thiolated single stranded DNA for 
direct comparison.  Similar to the single stranded thiolated RSV-5 thiol sample, dsDNA 








Figure 7.20. TEM micrographs depicting untreated (control) AgNPs.  Images were 








Figure 7.21. TEM micrographs depicting nonthiolated AgNPs.  Images were 










Figure 7.22. TEM micrographs depicting thiolated AgNPs.  Images were acquired on 
separate samples.   
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A few possibilities could be responsible for this halo effect.  If one particle was in front 
of another on the TEM grid, an outer ring may appear around the smaller center 
nanoparticle.  The halo effect is not observed in control samples.  Another possibility is 
that a contaminant is present in solution from the DNA that is coating the nanoparticle 
surface.  However, since the halo is only present on nanoparticles functionalized with 
thiolated DNA, and not all DNA treated samples.  This explanation is unlikely.  
Additionally, since all DNA oligos were acquired from the same supplier and treated in a 
similar fashion, the chances of a contaminant intrinsic to the thiolated DNA is very low.  
Lastly, and most probably, the halo could be due to DNA physically bound and standing 
up off the AgNP surface.   
 
Both SERS and electrochemistry studies indicated that thiolated DNA binds to the silver 
surface through the pendent thiol.  The shadows in TEM images support this as well.  
Due to the close packed nature of the DNA adlayer at the surface, a halo appears.  By 
measuring the dimensions of this halo, the average height and perhaps the angle of DNA 
standing off the surface may be determined.   
 
Analysis of TEM images acquired on thiolated samples, both ssDNA and dsDNA, is 
presented in Table 7.3.  Various AgNPs from multiple samples where individual particles 
and aggregates of particles were analyzed.  Thicknesses were measured by hand using the 
scale bar provided by the imaging software, so a degree of error is expected in the 
measurements however the trend is still clear.  The halo around the AgNPs for ssDNA is 















Figure 7.23. TEM micrographs depicting single AgNPs.  Control AgNPs (a.), 
thiolated (b.) and nonthiolated (c.) RSV-5 are presented for comparison.  Again, only 
the thiolated RSV-5 sample has the halo throughout the aggregate similar to the one 











Figure 7.24. TEM micrographs of AgNPs functionalized with and without DNA.  
a.) presents an image acquired on control AgNPs where no DNA was introduced 
into the solution, b.) presents the image acquired for AgNPs functionalized with 
single stranded RSV-5 thiol, and c.) presents the image acquired for AgNPs 
functionalized with double stranded RSV-5/6.  The scale bar of 20 nm in image b is 
applicable to all three images.   
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Table 7.3. Sample details and the average thickness of the halo present on 
AgNPs functionalized with thiolated DNA. 
 
 ssDNA dsDNA 
# of Samples Imaged   3 2 
# of Particles Measured 10 8 
Average Thickness (nm)     26.3 ± 9.0 13.8 ± 3.4 
 
 
Since RSV-5/6 is 18 nucleotides long, the distance the DNA bases are contributing is a 
little over 6 nm, with 0.34 nm per base pair.  The 6 carbon chain thiol linker bound to the 
silver surface contributes approximately 1.0 nm, combining to a total of ~7.0 nm off the 
surface if there was no stacking angle.  Studies carried out on alkane-thiols have shown 
that there is a stacking angle of 30 - 60° for the monolayers.[409]  Taking this into 
consideration, and using an angle of 45°, the expected thickness of the DNA layer is 4.9 
nm.  Using a ratio of the calculated to measured thicknesses in the TEM images, the 
ssDNA stands approximately 9.34 nm off the surface.  To further interrogate this 
distance, as well as the orientation of thiolated and nonthiolated DNA at the silver 
surface, AFM studies were carried out.   
 
Figure 7.25 presents an AFM image of a freshly cleaved template-stripped Ag surface.  
Analysis of this image reveals that apart from two particles of debris, the silver surface is 
flat. When 1-dodecanethiol is stamped onto the surface, the alkanethiol chains form a 
densely-packed self assembled monolayer (SAM), as shown in Figure 7.26.   In contrast, 
Figure 7.27 depicts an AFM image of template-stripped silver coated with nonthiolated 
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RSV-4.  A cross-section of this image indicates that the average height of the layers 
formed atop the silver is 0.81 ± 0.21 nm.  This observed height is consistent with ssDNA 
lying on its side, as the height should be approximately half of the diameter of double-
stranded DNA (~2nm).  The region of the image highlighted in red indicates the scan 
domain of the previous image, suggesting that as the cantilever tip rasters across the 
surface, it is able to push aside molecules of the nonthiolated DNA.  This phenomenon is 
not seen when imaging thiolated RSV-4 (Figure 7.28), evidencing that the nonthiolated 
oligos are not bound as tightly to the surface as the oligos containing the thiol pendant 
group.  Furthermore, a cross-sectional analysis of the micrograph in Figure 7.28 indicates 
that the monolayer of thiolated RSV-4 has an average height of 4.69 ± 1.17 nm.  Since 
RSV-4 is 22 nucleotides long, the length of the duplex DNA equates to 7.48 nm.  The 
three carbon chain thiol linker contributes approximately 0.5 nm, combining to a total 
length of 7.98 nm. Using the same angle approximation as previously described with 
TEM results, the layer of dsDNA off the surface is expected to be closer to 5.64 nm.  The 
observed height of the thiolated ssDNA is therefore within the range of heights expected 
for thiolated duplex DNA containing the equivalent number of base-pairs.  Single-
stranded DNA should, however, be longer than dsDNA.  It is therefore likely that the 
vertical load placed on the monolayer while imaging compressed the olgios and 
decreased their observed heights.  A series of force curves were taken both to investigate 













Figure 7.25. AFM micrograph of  template-stripped Ag.  Color scale bar indicates 












Figure 7.26. AFM micrograph of a self-assembled monolayer of 1-dodecanethiol on 













Figure 7.27. AFM micrograph of nonthiolated RSV-4 on template-stripped silver.  
Color scale bar indicates the height of surface features.  The region highlighted in 
red indicates where the cantilever tip was rastered across the surface prior to 














Figure 7.28. AFM micrograph of thiolated RSV-4 on template-stripped silver.  




Force curves were acquired on each of the modified surfaces.  The blue and red traces 
indicate changes in the force exerted on the cantilever as the surface extends towards and 
retracts away from the tip.  At the beginning of each cycle, the cantilever tip is not in 
contact with the surface.  As the surface is extended towards the tip, weak attractive 
forces between the tip and surface cause a small decrease in the sensed force to a negative 
value.  This event is known as the “jump-to-contact.”  As the tip is compressed into 
contact with the surface, there is a corresponding linear increase in force, followed by a 
linear decrease in force as the surface retracts.  As the scanner pulls away from the tip, 
adhesive forces maintain contact between the tip and surface, bending the cantilever 
downwards.  When the restoring force of the cantilever overcomes the adhesive force, the 
cantilever snaps back to its original position in free space.  The strength of the adhesion is 
represented as the maximum negative force exerted on the cantilever before it releases 
the surface.  When the force curves are acquired in air rather than under N2, the retracting 
curve often exhibits a larger amount of adhesion due to the strong capillary forces that 
exist as a result of the water layer on the surface. 
 
A minimum of ten force curves were acquired on each surface to obtain average values of 
adhesive force.  Example force curves are provided in Figures 7.29 - 7.32.  Figure 7.29 
contains a set of force curves for experiments on template-stripped silver done under N2 
(7.29a) and in air (7.29b).  The average adhesive force for template-stripped silver under 
N2 is 0.84 ± 0.02 nN.  Because of capillary forces from layers of water on the surface, 
this adhesion force increases to 1.06 ± 0 .004 nN for experiments performed in air.  When 
the surface is stamped with 1-dodecanethiol, the average adhesion under N2 decreases by 
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almost 50% to 0.42 ±  0.09 nN (Figure 7.30a). This decrease in adhesion most likely 
reflects a decrease in amount of water on the substrate surface modified with a 
hydrophobic monolayer (dodecanethiol) compared to the clean template-stripped silver 
surface.  When the sample is exposed to atmosphere, the adhesion increases dramatically 
to 1.10 ± 0.04 nN (Figure 7.30b). Nonthiolated RSV-4 is more hydrophillic than either 
clean Ag or 1-dodecanethiol and is very loosely bound to the silver surface.  As a result, 
when the template-stripped silver surface is backfilled with nonthiolated RSV-4, the 
average adhesion force increases to 3.50 ± 0.11 nN under N2, and 4.03 ± 0.52 nN in air 
(Figure 7.31). In contrast, when the same oligo is terminated with a 3’ thiol pendant 
group, the average adhesion value decreases to 0.12 ± 0.03 nN under N2 and 0.17 ± 0.02 
nN in air (Figure 7.32). While it is intuitive that a closely-packed monolayer of ssDNA 
would be less adhesive than loosely-bound ssDNA lying on its side, it seems unusual that 
the adhesive force would be approximately 3.5 times smaller than that of a SAM of 1-
dodecanethiol because of the hydrophillicity of the phosphate groups in the backbone of 
the oligo.  The vertical load applied to the monolayer during experiments on                   
1-dodecanthiol was greater than that applied to the monolayer of thiolated RSV4 because 
the tip was compressed 10 nm further into the alkanethiol surface than the thiolated  
RSV-4 surface.  Because of this, the contact area between the tip and surface was smaller 
for experiments on the thiolated oligo, resulting in a decrease in observed adhesion.  
 
Multidimmensional Force Spectroscopy, or MDFS, was used to further characterize 
differences in the thin films of thiolated and nonthiolated DNA.   MDFS involves the 









Figure 7.29. Force curves acquired on a freshly cleaved, template-stripped silver 












Figure 7.30. Force curves acquired on a template-stripped silver surface stamped with 












Figure 7.31. Force curves acquired on a template-stripped silver surface backfilled 














Figure 7.32. Force curves acquired on a template-stripped Ag backfilled with 






cycled movement of the atomic force microscope (AFM) scanner.  As the cantilever tip 
interacts with the surface, it undergoes a shift in thermal resonance frequency.  These 
frequencies, coupled with knowledge of scanner movement and cantilever deflection 
provide excellent means of describing sample-tip interactions, ultimately enabling a more 
accurate description of the mechanical properties of the surface. 
 
To access the raw cantilever deflection signals required for MDFS, the base of the 
Nanoscope III AFM was modified as shown Figure 7.33.  The instrument was warmed up 
for 1 hr to allow the scanner to reach thermal equilibrium, after which time the 
microscope was falsely engaged with the surface.  In force mode, the tip was brought into 
contact with the surface by monitoring cantilever deflection and amplitude.  A stepper 
motor controlled the amount of compressive force applied to the surface.  Cantilever 
resonance data was obtained at a scan rate of 12 nm/s, z-range of 500 nm, and 1024 
samples/line.  
 
The frequency of the primary mode of cantilever resonance in free space is 33.6 kHz.  
When the cantilever tip contacts the surface it undergoes a change from a clamped-free to 
a clamped-pinned system, which in turn causes a shift in the frequency of the primary 
mode of resonance.  This shift during contact is dependent on the mechanical properties 
of the surface.  When the tip is brought into contact with a clean template-stripped silver 
surface (see Figure 7.34), the surface is noncompliant and therefore the frequency shifts 
from 33.6 kHz to ~ 140 kHz, where it remains fairly constant while in contact until the 












Figure 7.33. Schematic of the MDFS experimental setup.  The commercial 
components of the setup include the AFM base, the signal access module, the 
controller, and a computer.  The commercially provided software is used to control 
and acquire conventional force spectroscopic data.  The additional components, the 
I/O interface, the data acquisition card (DAQ), and a computer with custom software 























compliant material is added into the system, it acts like a dashpot and causes the 
frequency in contact to shift to a lower value than is the case with a non-compliant 
surface.   
 
Figures 7.35 and 7.36 demonstrate this effect on a SAM of 1-docanethiol and thiolated 
RSV-4, where the frequencies of the primary mode of resonance shift to 130 kHz and 125 
kHz respectively.  Furthermore, as the layer beneath the cantilever becomes more 
compliant, the cantilever resonance frequency in contact with the surface shifts from 
lower frequencies to higher frequencies during compression, and then back to lower 
frequencies as the scanner reverses directions and adhesive interaction cause the tip to 
deflect downwards.  This phenomenon can be seen for thin films of both 1-dodecanethiol 
and thiolated RSV-4 (see Figures 7.35 and 7.36).  As was seen previously in the force 
curve analysis of nonthiolated RSV-4, the nonthiolated oligos are sticky and cause a 
significant downward deflection of the cantilever beam before it is able to overcome the 
adhesive interactions and snap away from the surface.  This manifests itself during 
MDFS experiments as the large decrease in cantilever deflection voltage overloading the 
instrument and introducing a large amount of noise in the thermal spectrum.  The result is 
a severely low signal-to-noise ratio and an inability to track the primary mode of 
resonance in the last stages of contact (Figure 7.37).   Further MDFS analysis is currently 
ongoing (Beavers, Ferri, and Bottomley, manuscript in preparation). 
 
These preliminary results from cantilever resonance, coupled with force curve and atomic 
















Figure 7.34. Change in cantilever resonance frequency on a template-stripped silver 

































































Figure 7.35. Change in cantilever resonance frequency on a SAM of 1-dodecanethiol 





























































Figure 7.36. Change in cantilever resonance frequency on a thin film of thiolated 






























































Figure 7.37. Change in cantilever resonance frequency on a thin film of 

















































interaction with the surface.  As a result, it can be easily displaced by the tip of the 
cantilever, whereas the thiolated DNA is not displaceable.  Although the resolution of the 
AFM images presented cannot provide conclusive evidence of stacking direction, cross-
sectional analysis allows one to see that the height of the monolayer formed by the 
thiolated DNA is comparable with that of dsDNA oriented upright and at an angle off the 
surface.  Similarly, the height of the layers of nonthiolated DNA on the surface is 
consistent with DNA lying on its side.   These findings are in turn supported by the 
degree of compliance illustrated by the force curve and cantilever resonance data of both 
1-dodecanethiol and thiolated RSV-4 as compared with template-stripped silver and 
nonthiolated RSV-4. 
7.5. Conclusion 
SERS spectra acquired on oligos chemisorbed onto AgNR arrays possess the signature 
peaks associated with the corresponding DNA bases.  However, SERS using AgNR 
arrays does not appear to be a viable method for assaying DNA hybridization.  While, 
spectra acquired on samples comprised of complementary and noncomplementary oligo 
pairs possessed bands characteristic of the nucleotides present on the nanorod surface, 
there are no new spectral bands representative of a hybridization event.  Additionally, one 
cannot distinguish between hybridization and non-specific binding at the nanorod 
surface.  Another issue lies in the buffer conditions required for hybridization.  Upon 
evaporation of the solution, salt crystals deposit within the nanorod array increasing 
variability and decreasing sensitivity.  The distance dependence poses a large problem as 
well.  When probe oligos are oriented in a way that promotes capture of the target strand 
via hybridization, the SERS intensity to a specific nucleotide falls off dramatically with 
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distance from the substrate surface.  Because of this, the resultant hybridization assay is 





CONLCUSIONS AND FUTURE WORK 
 
Goals of this research project involved the fabrication of multiple SERS substrates for 
use in pathogen detection.  Batch fabrication of silver nanorod (AgNR) array SERS 
substrates was accomplished using a conventional electron beam evaporator and a custom 
built substrate holder.  Careful placement of multiple base substrates within the metal 
vapor plume combined with careful control of the evaporation parameters resulted in 
substrates with nominal variability in nanorod morphology and SERS performance from 
substrate to substrate and batch to batch.  Post fabrication patterning of substrates allowed 
for an increase in the number of assays performed from a single batch of substrates.  
Using this method, the variability in SERS response was reduced to 6% across a single 
substrate, 25% down a substrate, 15% from substrate to substrate and 8% from batch to 
batch.  
 
Continued characterization of these substrates was carried out prior to developing SERS-
based bioassays.  Fabrication methods were compared to establish the conditions that 
provided the most stable AgNR substrates.   It was found that substrates exposed to 
oxygen during the fabrication process were less stable than those fabricated without 
oxygen exposure and provided a much lower SERS response.  Stability, and ultimately 
the SERS response, may be improved by storing the substrates in a controlled 
environment.   In addition to comparing fabrication methods, the region of the AgNR 
array producing the highest enhancement was investigated using different sized 
fluorescent microspheres.  It was found single particles were not detected, even though 
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multiple beads were located within the laser spot and SERS signals were only seen when 
the number of beads approached monolayer coverage.  Additionally, the enhancement 
found for beads located on top of the AgNRs was greater than that for beads located 
within the array.   
 
Results indicating the tops of the nanorods produced the greatest SERS enhancements 
were promising for bacterial studies where intact cells would rest atop the array.  Three 
bacterial cells lines were compared and spectra features matched those presented in 
recent literature.  Unfortunately, the spectral bands also matched those present in the 
spectra acquired on both the medium in which the cells were grown as well as many other 
popular bacteria growth medium.  Looking at the components that make up growth media 
and the structures on the cell wall of bacteria cells, there is a strong similarity.  Because 
of this, SERS spectra must be acquired on bacterial samples devoid of growth medium, to 
establish the response from different bacterial species. 
 
Continued work concerning pathogen detection was carried out using SERS active AgNR 
arrays DNA hybridization assays.   Spectra were acquired on samples comprised of 
complementary and noncomplementary oligo pairs and resulting spectra possessed bands 
characteristic of the nucleotides present on the nanorod surface.  However, no new 
spectral bands representative of a hybridization event occurred, complicating spectra 
analysis.  Successful hybridization versus non-specific binding at the nanorod surface 
cannot be distinguished from on another.  Additionally, buffer conditions required for 
hybridization provided salt crystal deposits within the nanorod array upon evaporation 
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increasing variability and decreasing sensitivity.  The largest impedance of the assay 
proved to be the distance dependence related to the surface enhancement.  When probe 
oligos were oriented in such a way that capture of the target strand via hybridization was 
promoted, the SERS intensity for specific nucleotides falls dramatically with distance 
from the substrate surface.  The resultant assay is sensitive to only the first few 
nucleotides of probe sequence, hindering the use of AgNR array SERS substrates for 
hybridization assays. 
 
Further studies related to this work include a more detailed look at the distance from the 
surface the assay is sensitive.  SERS, electrochemistry, and AFM results confirmed that 
thiolated DNA stands up off the surface.  The length and angle of the thiolated DNA is 
still unknown.  TEM results confirmed that ssDNA is longer than dsDNA but because of 
the limitations involved with making the distance measurements, and exact value was not 
determined.  Due to this, it is suggested that varying lengths of DNA be investigated 
further using both TEM and AFM.  In varying both the length of the thiol linkers and the 
number of nucleotides systematically, the angle and length of specific DNA strands may 
be extrapolated.   
 
Additionally, SERS studies suggested that after five nucleotides, a change in sequence 
was no longer detected.  One apparent solution to the distance dependence would be to 
use of a hairpin or aptamer probe molecule with a Raman reporter moiety incorporated 
into its structure.  By doing so, one would be taking advantage of the distance 
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dependence by monitoring the disappearance of spectral bands associated with the 









The conformation of an adsorbed polymer, or molecule, on a surface directly impacts the 
interfacial properties of this surface.  Polymers adsorb by two mechanisms: 
chemisorption and physisorption.[410-412]  Chemisorption includes mechanisms such as 
covalent bonding, while physisorption refers to mechanisms such as electrostatic 
interaction and van der Waal’s forces.[413-417]  Once adsorbed, a polymer’s 
conformation can be described by three different regions: loops, trains, and tails.[418]  
Several techniques have been used to characterize polymer adsorption; the majority of 
these provide information about the average film thickness, density, and/or polymer film 
thickness. 
 
Recently, our research group and others have used dynamic force spectroscopy (DFS) to 
examine the conformation of individual polymer molecules at the air-substrate and 
liquid-substrate interface.[419-427] This technique uses an atomic force microscope 
(AFM) to bring two surfaces into and out of contact.  The principal measurement in 
dynamic force spectroscopy is the acquisition of a force curve.  A typical force curve is 
shown in the upper portion of Figure A.1.  When a polymer is attached to both the probe 
and the surface, it undergoes elongation as the gap between the probe and the surface 
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increases.  This elongation increases tension on the molecule which induces a downward 
deflection of the cantilever.  When a segment of the polymer chain is pulled off the 
surface, the tension is momentarily released and a sudden decrease of cantilever 
deflection is observed (see lower portion of Figure B.1).  This sequence of polymer 
stretching and release continues until either the polymer is pulled from the surface or 
from the probe.  A distinguishing feature of our preliminary work is that a single polymer 
molecule was stretched using a specially prepared AFM probe and a mica surface.[419-
420] 
 
Relating features in the force curve to polymer surface conformation requires some 
knowledge about the points of contact to the polymer and a precise estimate of the 
number of molecules undergoing elongation.  Interpretation of force curve[428] data 
obtained during the elongation and detachment of macromolecules from surfaces as well 
as the molecular structure that gives rise to the observed phenomenon is often based on a 
set of assumptions.[424, 426, 429-442]  The primary objective of this chapter is to carry 
out the synthesis of molecules to test these assumptions.  Included in these molecules is a 
loop structure made from double stranded DNA (see Figure A.2) as well as a block-
copolymer consisting of repeating DNA and polyethyleneglycol (PEG) units of a fixed 











Figure A.1. In the upper portion, a force curve is presented relating cantilever 
deflection as a function of scanner displacement as the surface is brought towards 
(red) and away (blue) from the probe tip.  The lower portion is a schematic 
illustration of how this force curve provides information about the conformation of 









Figure A.2. Schematic illustration of the expected results from pulling on an loop 














Figure A.3. Structure of novel alternating block copolymer comprised of PEG and 
DNA and its expected interaction with a positively charged substrate. A depicts the 
components of the polymer and B presents how the polymer will react with a 
positively charger surface.  See Figure A.4 for a schematic of pulling this molecule 










Figure A.4. Schematic illustration of the expected results from pulling on an 
alternating multiblock copolymer molecule. A) initial loading; B) after complete 
detachment of the first surface-active segment 
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A.2. DNA Loop Structure  
A.2.1. Materials 
10X stock tris acetate EDTA (TAE) buffer was prepared using 48.4 g tris base (JT Baker 
Reagent Chemicals, Phillipsburg, NJ), 2.92 g boric acid (VWR, Westchester, PA) and 
10.9 g glacial acetic acid (EMD Chemicals, Gibbstown NJ) and brought to a pH of 8.3 
using sodium hydroxide (Fischer Scientific, Pittsburgh, PA).  For atomic force 
microscopy (AFM) imaging experiments, a 10X buffer of 200 mM ammonium acetate 
and 5 mM MgCl2 (AmAc) buffer was prepared and adjusted to a pH of 7.   
A.2.2. Methods 
A.2.2.1. Digestion of Plasmids 
pBR322, pUC19, and pTWIN1 vectors were purchased from New England Biolabs 
(Ipswich, MA) and used without further purification.  A double digest was carried out 
using EcoRI and BamHI on all three plasmids to create two linear segments, as only a 
single cut site for both EcoRI and BamHI exits for all three plasmids.  Single digests 
were carried out for each enzyme for comparison purposes.  Figure A.6 depicts the 
sequence at which these restriction enzymes cut and the resulting sticky ends.  To ensure 
successful digestion and subsequent ligation, calf intestinal phosphatase (CIP) was used.  
Bovine serum albumin (BSA) was used with digestions with BamHI.  Initially buffer and 
DNA were mixed, followed by CIP, BSA, EcoRI and BamHI enzymes.  Prior to enzyme 
addition, the mixture was gently vortexed to ensure a homogenous solution of DNA 
within the buffer.  Digestions were incubated at 37 °C for 1 hour and the reaction mixture 
was immediately separated on an agarose gel to prevent over digestion.  Bands were cut 
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from the gel and purified using Promega’s Wizard® SV gel and PCR clean up system 
(Promega Corporation, Madison, WI).  For all digestions, a reaction volume of 50 μL was 
used.  The concentration of plasmid and units of enzyme were used accordingly.  All 
digest products were stored a -20 °C freezer.   
A.2.2.2. Ligation of Plasmid Fragments and Inserts 
Ligations were carried out using a plasmid to insert DNA ratio of 1:3.  DNA for the insert 
was purchased from Integrated DNA Technologies, Inc (Coralville, IA) and used without 
further purification.  The sequences are provided in Table A.1 and were designed to 
compliment the sticky ends depicted in Figure A.5.  New England Biolabs quick ligation 
kit was used for all ligation reactions.  Initially buffer, plasmid DNA and insert DNA 
were mixed, followed by addition of the T4 DNA Ligase.  Prior to enzyme addition, the 
mixture was gently vortexed to ensure a homogenous solution of DNA within the buffer.  
Although the ligation kit designates a 5 minute reaction time, to ensure full ligation, 
reactions were incubated at 16 °C overnight in varying reaction volumes, dependent upon 
the plasmid fragment being ligated.  Ligations were confirmed using agarose gels.  Once 
confirmed, the entire reaction volume was separated to remove the ligated product and 
the bands were cut from the gel and purified using the same protocol mentioned above.  














Figure A.5. Cut sites for EcoRI and BamHI restriction enzymes.  These two 




5’ – C A A T T C - 3’
3’ - C T T A A G - 5’
EcoRI Cut Site
BamHI Cut Site
5’ – G G A T C C - 3’
3’ – C C T A G G - 5’
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A.2.2.3. DNA Gel Electrophoresis 
All separations were carried out using 1.0-1.2 % agarose gels in 1X TAE Buffer at 100V.  
0.5 μg/mL ethidium bromide (EtBr) was added to the gel for staining purposes.  EtBr was 
removed from the running buffer prior to disposal.  Both 100 bp and 1 kb DNA ladders 
were used to verify strand lengths post digestion and ligation reaction.  6X Blue Orange 
loading dye (Promega Corporation, Madison, WI) was used to monitor the progress of 
the products through the gel.  Gels were viewed using an UltraLum Model EA40 UV 
Transilluminator (Claremont, CA) and images were acquired using an Alpha Innotech 
Imager 2000 (Cell Biosciences, Santa Clara, CA).  Both digestion and ligation products 
were cut from the gel with a razor blade and purified using Promega’s Wizard® SV gel 
and PCR clean up system (Promega Corporation, Madison, WI).  All were stored at -20 
°C.   
A.2.2.4. Preparation of AFM Cantilevers 
Cantilevers purchased from Mikromasch (San Jose, CA) with rectangular and triangular 
levers were used for the pulling and peeling experiments.  Tips were prepared by coating 
layers of metal onto the tips and then preferentially milling a hole in the outermost later.  
Metal was deposited using a CVC-SC5000 electron beam evaporator (Consolidated 
 
Table A.1. Tether DNA Sequences used to form the insert for the cute DNA 
plasmids, pBR322, pUC19, or pTWIN1.  The /iUniAmM/ is an internal 
amino used to attach a thiol linker for AFM tip attachment 
 
Oligo Name Sequence (ssDNA) 
Tether-1 5' - GAT CAA ACA ACC AAG ACG AAG AAC CGG AAG ACC - 3' 




Vacuum Corp., Rochester, NY) at a base pressure of 1 x 10
6 
Torr.  Initially, a 20 nm 
chrome adhesion layer was deposited at a deposition rate of 1 Å/sec followed by 150 nm 
of gold and 250 nm of chrome, both deposited at a rate of 3 Å/sec.  During deposition, 
the cantilevers were rotated at approximately 1 Hz to ensure even coating of the entire 
tip.  Deposition thicknesses were monitored using a quartz crystal microbalance (QCM) 
located inside the evaporator and placed normal to the vapor flux.  Post metallization, 
cantilevers were stored in a desicator until milling.   
 
A hole was milled through the outer chrome layer to expose a small region of the 
underlying gold.  In doing so, the number of molecules attached to the AFM tip may be 
controlled.  Additionally, by knowing the area of the milled region, the total number of 
molecules able to bind may be determined.  This is advantageous when performing the 
pulling and peeling experiments.  Milling was carried out on a FEI Nova NanoLab 200 
dual ion/electron beam microscope (FEI Corp., Hillsboro, OR).  The ion beam used is a 
Ga ion source.  To prevent beam induced damage of the surface, the ion beam was not 
used to image the surface.  Scanning electron micrographs were obtained before and after 
milling using a Zeiss SEM Ultra60 scanning electron microscope (Carl Zeiss SMT Inc., 
Peabody, MA).  Images were acquired with an accelerating voltage of 5 eV with the 
cantilever tip oriented parallel to normal.  To minimize charging artifacts during imaging, 
cantilevers were attached to the holders using double-sided carbon tape.  Post milling and 




A.3.3.1. Plasmid pBR322 Digestion 
Figure A.6 presents the enzyme map for pBR322 as provided by New England Biolabs.  
The plasmid is a total of 4361 base pairs with a variety of restriction enzyme cut sites.  
Boxes have been superimposed to point out the individual cut sites for EcoRI and BamHI 
restriction enzymes, the two enzymes used in these studies.  Based on these cut sites, 
after a double digest DNA fragments of 377 and 3984 base pairs will result.  The two 
fragments were separated from one another on 1.2 % agarose gel using both 100 bp and 1 
kb ladders.  Figure A.7 presents a photograph of a gel resulting from the double digest of 
pBR322.  Superimposed on the image are rectangles and labels to indicate both band 
locations and assignments.   The smaller 377 bp fragment was saved, however was too 
small to be of interest for future AFM pulling studies.  Because of this, ligations were 
only carried out on the larger 3984 bp fragment.   
A.3.3.2. Plasmid pBR322 Ligation 
A ligation was carried out with the larger fragment, 3984 bp, and the insert DNA piece at 
a 1:3 ratio.  The insert piece was hybridized prior to carrying out the ligation.  Figure A.8 
presents an image of the gel used to confirm that the ligation was successful.  Also 
included on the gel is the pBR322 plasmid without any modifications, a single digestion 
with EcoRI producing a single linear fragment of DNA, the 3984 bp double digest 
fragment purified from a gel, as well as the 1 kb ladder for comparison between the 
bands.  Results from the gel indicate that the unmodified plasmid has two bands as 
opposed to one.  This is most likely due to a complete closed plasmid (lower band) as 
well as a nicked open circle (upper band) as no further purifications were performed on 
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the plasmids.  Also observed on the gel is the fact that the EcoRI digest product is further 
up the gel in comparison to the 3984 bp double digest product, confirming successful 
enzyme cutting and different sized fragments.   Lastly, it is evident that the ligated 
product is at a different spot than the unmodified plasmid, the 3984 bp product, and the 
EcoRI digest product.  Based on these results, it was determined that a successful ligation 
was carried out.  A total of four ligations were completed and the products were stored 
separately until the insert was functionalized with the pendant thiol group.   
A.3.3.3. Plasmid pUC19 Digestion 
Figure A.9 presents the enzyme map for pUC19 as provided by New England Biolabs.  
The plasmid is a total of 2665 base pairs with a variety of restriction enzyme cut sites.  
Boxes have been superimposed to point out the individual cut sites for EcoRI and BamHI 
restriction enzymes, the two enzymes used in these studies.  Based on these cut sites, 
DNA fragments of 2644 and 21 base pairs will result after the double digest.  The two 
fragments were separated from one another on a 1.0 % agarose gel using both 100 bp and 
1 kb ladders.  Figure A.10 presents a photograph of a gel resulting from the double digest 
of pUC19.  Superimposed on the image are rectangles and labels to indicate both band 
location and assignment.   The smaller digested piece was too small to remain on the gel 
so ligations were only carried out with the 2644 bp fragment.   
A.3.3.4. Plasmid pUC19 Ligation 
Similar to pBR322, a ligation was carried out with the larger 2644 bp fragment and the 
insert DNA piece.  The insert piece was hybridized prior to carrying out the ligation.  
Figure A.11 presents an image of the gel used to confirm that the ligation was successful.  








Figure A.6.  Sequence map for the pBR322 vector.  The enzyme cut sites for EcoRI 















Figure A.7. Digestion of pBR322 with EcoRI and BamHI to yield fragments of 
3984 and 377 base pairs.  Both 100 bp and 1 kb ladders were used for ease of 
comparison between bands.  EtBr was used to stain the gel and visualize the location 
















Figure A.8. Ligation of pBR322 3984 bp fragment and the specially designed insert.   
Only the 1 kb ladder was utilized for ease of comparison between bands due to the 
size of the fragments.  EtBr was used to stain the gel and visualize the location of the 
























Figure A.9.  Sequence map for the pUC19 vector.  The enzyme cut sites for EcoRI 















Figure A.10. Digestion of pUC19 with EcoRI and BamHI to yield fragment 2644 
and 21 (not shown on gel) base pairs.  Only the 1 kb ladder was utilized for ease of 
comparison between bands due to the size of the fragments.  EtBr was used to stain 















Figure A.11. Ligation of pUC19 2644 bp fragment and the specially designed 
insert.  Only the 1 kb ladder was utilized for ease of comparison between bands due 
to the size of the fragments.  EtBr was used to stain the gel and visualize the location 













modifications, a single digestion with EcoRI, the 2644 bp double digest fragment and the 
1 kb ladder were included for comparison.  Results from the gel indicate that this 
unmodified plasmid also has two bands.  Again, this is most likely due to a completely 
closed plasmid and a nicked open circle.  Also observed was that the EcoRI digest 
fragment was further up the gel similar to with pBR322.  Finally, it is also evident that 
the ligated product is at a different location confirming a successful ligation.  A total of 
three ligations were completed and the products were stored separately until the insert 
was functionalized with the pendant thiol group.   
A.3.3.5. Plasmid pTWIN1 Digestion 
Figure A.12 presents the enzyme map for pTWIN1 as provided by New England Biolabs.  
The plasmid is a total of 7375 base pairs with a variety of restriction enzyme cut sites.  
Boxes have been superimposed to point out the individual cut sites for EcoRI and BamHI 
restriction enzymes, the two enzymes used in these studies.  Based on these cut sites, 
after a double digest DNA fragments of 6385 and 990 base pairs will result.  Figure A.13 
presents a photograph of a gel resulting from the double digest of pTWIN1.  
Superimposed on the image are rectangles and labels to indicate both band locations and 
assignments.  Although both fragments were recovered from the gel, the larger piece 
would create a loop with dimensions non-ideal for AFM pulling and peeling studies.  
Because of this, ligations were only carried out on the 990 bp fragment.   
A.3.3.6. Plasmid pTWIN1 Ligation 
Unlike both pBR322 and pUC19, a ligation was carried out with the smaller 990 bp 
fragment and the insert DNA piece for pTWIN1.  Figure A.14 presents an image of the 
ligation products in an agarose gel.  In a similar manner to the other two plasmids, 
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pTWIN1 plasmid without any modifications, a single digestion with EcoRI, the 990 bp 
double digest fragment and the 1 kb ladder were included on the for comparison 
purposes.  Again, the unmodified plasmid has two bands corresponding to a closed 
plasmid and a nicked open circle.  Additionally, the EcoRI digest fragment was further up 
the gel similar to previous results with the other two plasmids.  Finally, it is also clear 
that the ligated product is at a different location than other DNA molecules confirming a 
successful ligation.  A total of two ligations were completed and the products were stored 
separately until the insert was functionalized with the pendant thiol group.    
A.3.4. Work Left to Be Done 
Before loop pulling experiments may be carried out, the conformation of the loops on the 
gold surface must be analyzed.  Using AFM imaging techniques, the degree of super 
coiling of the plasmid structure may be determined, although little to no supercoiling was 
indicated by electrophoresis.  If supercoiling is found, it can be removed using 
topoisomerase to relax the plasmid.  Once the structures are verified, they may be 
attached to the FIBed AFM tip.  Prior to attachment, the plasmids must go through an 
additional reaction to attach the thiol linker to the molecule.  Since the insert DNA 
contains an amino terminated tether, a carbon chain with both an NHS and thiol group 
may be reacted to produce the appropriate thiol connector to bind the exposed gold region 
of the AFM tip.  Upon successful linking of the DNA loop to the AFM tip, pulling 
experiments may be carried as described in the introduction of this appendix.  These 
studies will be conducted in the near future by Kelsey Beavers and Linda Van Rosmalen 









Figure A.12.  Sequence map for the pTWIN1 vector.  The enzyme cut sites for 













Figure A.13. Digestion of pTWIN1 with EcoRI and BamHI to yield fragment 6385 
and 990 base pairs.  Only the 1 kb ladder was utilized for ease of comparison 
between bands due to the size of the fragments.  EtBr was used to stain the gel and 
















Figure A.14.  Ligation of pTWIN1 990bp fragment and the specially designed 
insert.  Only the 1kb ladder was utilized for ease of comparison between bands due 
to the size of the fragments.  EtBr was used to stain the gel and visualize the location 














A.3. DNA Block Co-polymer Structure 
A.3.1. Materials 
A bis-succinimide ester-activated PEG compounds, BS(PEG)9, was purchased from 
Thermo Scientific (Rockford, IL) and used without further purification.  Stock solutions 
were prepared  in anhydrous dimethylsulfoxide (DMSO) at a concentration of 250 mM, 
per the instructions from Pierce Protein Research Products.[443]  Two DNA molecules 
were purchased from The Midland Certified Reagent Company, Inc. (Midland, TX) and 
used without any further purification.  Oligonucleotides consist of either a single run of 
10 thymine bases (or two runs separated by a dithiol linker) with both 3' and 5' ends 
functionalized with an amine.  Stock solutions for both DNA molecules were mane in 
nanopure water (18Ω).  The structures for all three molecules are presented in Figure A.1.   
A.3.2. Methods 
A.3.2.1. Synthesis Reaction 
The starting materials presented in Figure A.15 were mixed in varying ratios to produce 
polymers of multiple lengths.  A total of three reaction ratios were carried out, listed in 
Table A.2.  The purpose of the T10SST10 starting material was to create essentially a 
cutting point in the synthesized polymer.  Tris((2-carboxyethyl)phosphine) (TCEP·HCl) 
was purchased from Pierce Biotechnology, Inc. (Rockland, IL) to reduce the disulfide 
bonds within the block-copolymer, resulting in smaller segments with a pendent thiol 
group.   To create polymers of varying lengths, the T10SST10 was held constant for all 
three reactions.  With an increased amount of T10 and PEG, the polymers would be 
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longer.  The pendent thiol was used to attach the molecules to the AFM tip for pulling 
and peeling experiments.   
 
 
A.3.2.2. HPLC Separation 
High performance liquid chromatography (HPLC) was performed using an Agilent 1100 
series (Santa Clara, CA) with a Torrey Pines Scientific Echo Therm Model C030 HPLC 
column chiller/heater (San Marcos, CA).   A reverse phase Phenomenex Luna C-18 
column (Torrence, CA) and a Dionex DNA-Pac PA100 (Sunnyvale,CA) ion exchange 
column were used for separation of the cut segments of the synthesized polymer.  For the 
reverse phase column, the gradient used was 30 mM ammonium acetate (NH4OAc) and 
acetonitrile while the ion exchange column used 2 M NH4OAc and distilled water.  
Starting materials as well as reaction products were run and compared. 
A.3.3. Results 
HPLC Separations were carried out on starting materials and reaction products to 
determine peaks associated with each compound.  The chromatograms of the starting 
materials is presented in Figure A.16 for both a C18 reverse phase and ion exchange 
 
Table A.2. Ratios used during the synthesis of the PEG-DNA block co-
polymer.  T10SST10 was held constant for all reactions. 
 
Component Ratio: Rxn 1 Ratio: Rxn 2 Ratio: Rxn 3 
T10SST10 1 1 1 
T10 5 10 20 
















Figure A.15.  Molecules used for DNA block-copolymer synthesis.  a.) referred to 





column.  The chromatogram of T10 DNA is the red trace, T10SST10 is the blue trace and 
PEG is the green trace for both columns.  It is clear that the ion exchange column 
provided better separation and was the column chosen to separate the reaction products.    
The three reactions described in Table A. 2 were run on the same ion exchange column as 
the starting materials.  The results are presented in Figure A.17.  Reaction run is 
presented as the blue trace, reaction two as the red trance, and reaction three as the green 
trace.  It is clear that the starting materials are still in solution, especially for T10 DNA 
and PEG as they were in excess for all three reactions.  It is not clear, however, if there 
are definitive product peaks.  A possible explanation for the lack of product peaks was 
that the TCEP used to reduce the disulfide bond had become ineffective over time or that 
the amounts used during the reaction were not sufficient.  To test this possibility, 
T10SST10 was treated in the same fashion and run on the ion exchange column.  The 
results are presented in Figure A.18.  Both T10, T10SST10 and T10SST10 treated with TCEP 
are included for comparison.  Based on these results, TCEP was not responsible for the 
lack of product peaks.  An additional explanation may be that the concentration of each 
polymer length was not high enough to provide a distinct peak in the HPLC trace. 
A.3.4. Work Left to Be Done 
Successful separation of the polymer products must be carried out prior to continued 
analysis.  Preliminary HPLC results suggested that the technique may not be sensitive 
enough to the low quantities of product in the reaction.  Other techniques that may be 
employed are gel electrophoresis separation followed by mass spectrometry to verify the 
composition of the polymer.  Additionally, a size exclusion column may be used in an 







Figure A.16.  HPLC chromatograms for starting materials run on both an ion 
exchange and C18 reverse phase column.  Chromatogram of the T10 DNA is the red 
trace, T10SST10 is the blue trace and PEG is the green trace.  Both columns separated 
the three materials successfully, however the ion exchange column provided better 


















Figure A.17.  HPLC traces for reactions 1 (blue trace), 2 (red trace), and 3 (green 
trace) presented in Table A.2.  The inset is a zoomed in region of the plot 
surrounding the peak corresponding to T10SST10 starting material.  The products 
were run on the same ion exchange column as the starting materials presented in 
















Figure A.18.  HPLC traces of T10 (blue trace), T10SST10 (red trace) starting materials 
and T10SST10 treated with TCEP (green trace).  The materials were run on the same 
ion exchange column as all other materials.  The traces have been offset for clarity 
and ease of comparison between the three.  The shift in the peak when T10SST10 was 
treated with TCEP verifies that successful reduction of the disulfide bond is 
occurring.   
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attached to the FIBed AFM tip.  The pendent thiol group with attach the copolymer to the 
exposed gold region of the AFM tip for pulling experiments described in the introduction 





FABRICATION OF A MICRO-DSC HEATER DEVICE 
 
B.1. Introduction 
This appendix describes research focused on the design, fabrication and testing of a 
microelectronic differential scanning calorimetry (µDSC) device designed for sensing 
airborne analytes.  Specifically, the fabrication of pairs of sensors comprised of a metal 
oxide film electrically isolated from a heater on a suspended platform comprised of 
alumina.  The heater required low power and was capable of maintaining the temperature 
of the metal oxide layer at 600 ºF for extended periods of time.  Four electrical 
connections were made to the serpentine heater intended for a four point probe 
measurement.  Additionally, each sensor possessed a resistive thermal device (RTD) 
integrated sensing element.  
B.1.1. Thermal Modeling 
Thermal modeling was done by Jabulani Barber of our research lab to identify the best 
materials to use in fabricating the first prototype microDSC device.  The optimum 
component match and dimensionality was sought after to provide rapid and uniform 
heating of the metal oxide catalyst to the desired temperature.  Simulations were 
conducted using the engineering software package Comsol Multiphysics 3.4 (Burlington, 
MA) to model the thermal conduction of the device.  Component pairs that enabled rapid 
and uniform heating with low power requirements and minimized thermally-induced 
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stresses were focused on.  The results of this modeling study were used in selecting the 
material combinations and subcomponent dimensions.  For thermal isolation of the 
hotplates within the device from one another, a cantilever-based design was employed. 
Modeling revealed that complete thermal isolation of devices from each other would be 
achieved; the sapphire base substrate could be thinned beneath the serpentine heating 
element to reduce the thermal capacitance of the device.  The serpentine heating element 
was positioned further from the top edge of the cantilever to decrease the heat loss to the 
sapphire substrate and the surrounding gas stream flowing over the cantilever.  From 
modeling studies, the serpentine heater required 50 µm line widths and 10 µm spacing to 
reduce its resistance in response to the large voltage required to achieve the desired 
temperature. 
B.1.2. Process and Mask Design 
The process flow was designed around the base substrate made of sapphire.  A serpentine 
platinum RTD was incorporated above each heater region.  The metal oxide catalyst was 
designed to have an area identical to that of the RTD sensor, ensuring high uniformity in 
temperature across the catalyst surface.  Mask sets were designed by Kane Barker of the 
Bottomley research group using AutoCad (Autodesk, Inc., San Rafeal, CA) based on the 
results obtained from the thermal modeling and the process design.  Mast alignment 
markings and device identifiers were integrated into the mask designs to facilitate 
identification of chip sets after wafer dicing.  Mask sets were fabricated by Photo 
Sciences, Inc. (Torrance, CA).  The following section describes in detail the 
photolithography processing steps designed to fabricate the first and second µDSC 
prototype devices. 
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B.2. Prototype #1 Initial Process Flow 
The process design for prototype #1 was built around commercially available sapphire 
wafers.  Ten 2” diameter sapphire wafers (300 µm thick) were purchased to serve as 
substrates.  The following subsections lay out the steps involved in bringing a single 
wafer to completion.  The process flow is in bulleted form to emphasize the detailed steps 
involved in the fabrication of the μDSC device. 
B.2.1. Deposition of Silicon Nitride Mesas for micro-Heater (Figure B.1) 
Step 1.   Plasma-enhanced chemical vapor deposition (PECVD) was employed to deposit 
a 1 μm layer of silicon nitride (SixNy) over the entire sapphire wafer.  PECVD was 
chosen because it provides a means for depositing a low stress film of desired thickness 
which is critical to reduce accumulated stresses as the number of layers on the sapphire 
wafer increases.  Uniformity in this layer is critical for isolation of the nickel serpentine 
heater. 
Step 2.   Photolithography patterning is the standard tool for producing patterns on a 
wafer.  The intended resist was AZ4260 along with the appropriate dark-field mask #1, 
and developer AZ400K. 
Step 3.   An RIE process was used to etch the SixNy over other options because it is 
capable of producing straight and vertical walls.  This etching step resulted in the 
formation of the SixNy mesas which were used to define the dimensions of the serpentine 
heater. 













Figure B.1.  Schematic of the proposed process flow for deposition of silicon nitride 








B.2.2. Creation of Wiring for micro-Heater (Figure B.2) 
Step 5.  The pattern for the lead wires was created by openings in the photoresist.  The 
intended resist was SC1827 along with light-field mask #2 and developer Microposit 351. 
Step 6.  PVD was carried out using an e-beam metallization tool to produce a smooth thin 
film of titanium to serve as an adhesion layer for the subsequent deposition of gold.  The 
gold leads serve as the connections to the serpentine heater.   
Step 7.  Excess metal deposited by the PVD process was removed from the wafer surface, 
leaving behind the metal in the desired location. 
B.2.3. Deposition of Nickel Serpentine for micro-Heater (Figure B.3) 
Step 8.  The pattern for the serpentine heater was created by the openings in the newly 
deposited photoresist corresponding to the mesas created in the initial SixNy layer.  
Photolithographic patterning step #3 was performed using SC1827 resist and clear-field 
mask #3. 
Step 9.  PVD was carried out using an e-beam metallization tool to produce a smooth 
surface of gold.  Nickel was an ideal heating element because of its intrinsic resistivity.  
The thickness of the nickel deposition was adjusted based on the thickness of the SixNy 
mesas. 
Step 10.  Excess metal was removed from the surface, leaving nickel in the desired 
location.  
Step 11.  Thermal annealing was required to fill gaps or discontinuities that were created 
during metal deposition.  In doing so, electrical contact between the previously deposited 
















Figure B.2.  Schematic of the proposed process flow for creation of lead wires for 















Figure B.3.  Schematic of the proposed process flow for deposition of serpentine 








B.2.4 Deposition of Silicon Nitride Barrier Layer (Figure B.4) 
Step 12.  SixNy was deposited using PECVD to produce an isolating layer, both 
electrically and chemically, between the nickel heater and gold leads and future layers.  
Again, a low stress deposition method was employed to minimize surface stress.   
Step 13.  Photolithographic patterning step #4 was performed using SC1827 resist and 
clear-field mask #4. 
Step 14.  A wet chemical etch of the SixNy was carried out to remove excess SixNy, 
decreasing the possibility of thermal loss during testing.  A wet chemical etch was 
required as Georgia Tech Cleanroom policy excludes metals from the RIE tools 
previously used to etch SixNy. 
B.2.5. Creation of Wiring for RTD (Figure B.5) 
Step 15.  The pattern for the wiring for the RTD was created by the openings in 
photoresist SC1827 and the appropriate clear-field mask #5.   
Step 16.  PVD was carried out using an e-beam metallization tool to produce a smooth 
thin film of titanium.  Titanium served as an adhesion promoting layer for the subsequent 
deposition of gold onto the SixNy layer.   
Step 17.  Excess metal deposited by the PVD process was removed, leaving metal in the 
desired location. 
B.2.6. Deposition of Platinum RTD (Figure B.6) 
Step 18.  The pattern for the RTD was created by the openings in photoresist SC1827 and 
the appropriate clear-field mask #6.   
Step 19.  PVD was carried out using an e-beam metallization tool to produce a smooth 













Figure B.4. Schematic of the proposed process flow for deposition of the first silicon 















Figure B.5. Schematic of the process flow for deposition of RTD connection wires.  







platinum is adherent to SixNy.  The dimensions of the serpentine RTD were determined 
from the thermal modeling studies described previously in this Appendix, section A.1.1.  
Step 20.  Lift off of the resist removed the excess metal deposited by the PVD process, 
leaving metal in the desired location. 
Step 21.  A sintering/anneal step was critical to allow the metals to fill gaps or 
discontinuities created during PVD of metal layers.   
B.2.7. Deposition of Silicon Nitride Barrier Layer (Figure B.7) 
Step 22.  SixNy was deposited using PECVD to produce an isolating layer, both 
electrically and chemically, between the nickel heater and gold leads and future layers.  
Again, a low stress deposition method was employed to minimize surface stress.   
Step 23.  Photolithographic patterning step #7 was performed using SC1827 resist and 
clear-field mask #7. 
Step 24.  A wet chemical etch was used to remove excess SixNy.  Similar to the first SixNy 
barrier layer, any excess SixNy functions as a pathway for thermal loss. 
B.2.8. Deposition of Gold Bonding Pads (Figure B.8) 
Step 25.  The pattern for the gold bonding pads was created by the openings in 
photoresist SC1827 and the appropriate clear-field mask #8 onto the SixNy barrier layer.   
Step 26.  A wet chemical etch was performed to remove SixNy covering the gold bonding 
pads.  The gold deposited in steps photolithography steps #6 and #16 served as the etch 
stop. 
 Step 27.  Upon etch completion, PVD was carried out using an e-beam metallization tool 
to produce a smooth film of gold, completing the bonding pads.  Gold was the preferred 







Figure B.6. Schematic of the process flow for creation of the temperature sensing 




















Figure B.7. Schematic of the process flow for the deposition of the second silicon 







Step 28.  Lift off of the resist removed the excess metal deposited by the PVD process, 
leaving metal in the desired location. 
B.2.9. Deposition of Metal Oxide Catalyst Layer (Figure B.9) 
Step 29.  The pattern for the metal oxide catalyst was created by the openings in 
photoresist SC1827 and the appropriate clear-field mask #9.  
Step 30.  For deposition of the metal oxide catalyst layer an RF sputtering method will be 
employed as opposed to PVD.  The area of the metal oxide is identical to the area of the 
platinum RTD.   
Step 31.  Lift off of the resist removed the excess metal deposited by the PVD process, 
leaving metal in the desired location. 
Step 32.  After deposition of the catalyst layer, a thick layer of photoresist was applied to 
the topside of the wafer to preserve the devices during shipping, milling, and dicing.  The 
resist layer was easily removed once the diced chips were returned. 
B.2.10. Shipping, Dicing, and Wire-bonding (Figure B.10) 
Step 33.  The wafer(s) were shipped to Cidra Technologies, LLC for milling & dicing.   
Step 34.  Milling was done to thin the device from the end of the serpentine heater out to 
the end of the cantilever.  Thinning results in a significant improvement in device 
temporal response to analyte gas stream composition. 













Figure B.8. Schematic of the process flow for the deposition of the gold wire bonding 



















Figure B.9. Schematic of the process flow for deposition of the metal oxide catalyst 




















Figure B.10. Schematic of process flow for deposition of photoresist protective 
layer for shipping and dicing.  Both a side and top view is provided. 
 
34 Mill & Dice
33 Ship To Cidra
Top viewSide view
35 Return & Strip
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B.3. Necessary Modifications to the Initial Process Flow for Prototype #1 
B.3.1. Photolithography Processing 
Initially photoresist AZ4260 was chosen for the initial SixNy layer patterning.  Based on 
the feature sizes for the SixNy mesas, this resist is not optimal.  Instead, photoresist 
SC1827 was used.  This resist was used for all processing steps, including the protective 
layer prior to shipment after the wafers were completed.  In addition to a change in resist, 
both the developer and stripper were changed accordingly.  For the developer, MF-319 
and MF-341 were compared and MF-319 was deemed optimal.  For the stripper, 
sonication in acetone proved to be sufficient for removal of excess resist.   
 
Extreme difficulty was encountered during processing for the first metallization step.  
Multiple steps were taken in an attempt to pinpoint the issue in the process.  To verify 
that there was complete development of the resist, profilometry was employed.  An 
additional process step was added and performed in the RIE.  The “Descum” process step 
aids in the removal of residual resist after developing as well as any other contaminants 
that may be preventing metal for adhering to the wafer surface.  Additionally, a new 
titanium target was melted to be sure that contamination in the ingot was not responsible 
for the lack of adhesion.  Successful deposition and lift-off was acheived only when 
pretreatment of the wafer with hexamethylsilazane (HMDS) was intentionally omitted.  
HMDS is a commonly used covalent linker for photoresist on silicon and gallium 
arsenide wafers.  Based on this discovery, HMDS was not used for any of the 
metallization process steps.   
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B.3.2. Nickel Serpentine Heater Deposition 
Upon deposition of nickel using the electron beam evaporator, the wafer was heated to 
high and the resist baked onto the surface.  Excessive cleaning in acetone and numerous 
Descum runs in the RIE did not remove the residual resist.  Because of this, a custom 
made cooling plate was implemented in order to keep the surface of the wafer cool.  
Upon deposition of the nickel serpentine using the cooling plate, resist was successfully 
removed with acetone alone.  For all depositions of a high melting temperature metal, the 
cooling plate was employed to ensure that resist could be removed fully from the surface. 
B.3.3. Etching of the Silicon Nitride Barrier Layers 
Originally, the Georgia Tech Cleanroom staff limited the use of the RIE based on metals 
exposed on the wafer.  Potential sputtering of the metal within the chamber would 
contaminate the tool for the next user.  Upon looking into the gases used for the SixNy 
etch; sputtering of the metals on the surface would not occur.  Specifically, fluorine gas is 
used in the recipe and it will not sputter gold.  Therefore, a dry etch could be employed as 
opposed to the BOE wet etch.   
B.3.4. RTD Deposition 
Originally, platinum was to be deposited for the RTD sensing unit based on the thermal 
properties.  The boiling point of platinum is 3825 °C; much higher than the nickel (2732 
°C) which previously presented a problem with excessive heating of the wafer. The 
cooling plate designed for nickel deposition was used to test platinum deposition, but the 
degree of cooling was not enough to prevent photoresist from baking onto the surface.  In 
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addition to the photoresist, platinum was baked onto the wafer.  Based on these results, 
nickel was chosen for the RTD sensing unit instead.      
B.3.5. Annealing  
The original protocol called for an annealing step after deposition of wiring to be sure 
that electrical contacts were made and there weren't any disconnects in the metal layers  
Annealing was performed in a rapid thermal processor (RTP) which is the tool typically 
used to heat silicon wafers to a high temperature.   Upon performing RTP under a 
nitrogen environment for 2 minutes at 700 °C (included a ramp up period from 0 °C).  
Inspection of the wafer post annealing revealed that the SixNy layers were cracked and the 
surface of the metals appears to have roughened.  Figure B.11 depicts optical images of 
the features on the wafer surface.  It is clear that an annealing step is not plausible based 
on the effect the high amount of heat has on the materials on the wafer surface.  The 
purpose of for annealing the materials was to ensure electrical contacts, however 
resistance measurements obtained without annealing the layers provided good results so 
this step was removed from the process all together.  The substrate heating during the 
nickel deposition most likely acted as an annealing step and reduced the disconnects 
within the metal layers. 
B.3.6. Gold Bonding Pads 
Wet chemical etching of the SixNy to release the underlying gold for stress relief and to 
provide regions for the bonding pads was problematic.  The etch rate for BOE through  
SixNy can be as slow as 50 Å/min so the wafer was submerged in the solution and 
checked periodically to determine if the etch was completed.  The BOE would not have 
affected the underlying gold if the wafer was left in the etchant for too long.  Figure B.12 
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shows a wafer following BOE etching for 30 minutes.  It is clear in the optical images 
that the resist partially delaminated during the process exposing regions of the pattern to 
etchant (see red arrows superimposed on the images).   The underlying Ni heater is no 
longer isolated from the RTD.  The fact that the delamination is limited to regions 
adjacent to patterns suggests that loss of adhesion of the resist is localized and not a result 
of thermally-induced stress that accompanies the BOE process.  If thermal stress or 
pinhole defects in the resist were the cause of failure during the etch process, we would 
anticipate more widespread damage.  The Georgia Tech Cleanroom staff were consulted 
on the issue, and permission was granted to perform the etch in the RIE, as the gold 
would not sputter in the fluorine gas environment.   
In addition to a revised etch process for the gold bonding pads, and additional alignment 
was implemented to be sure gold was deposited precisely in the correct region.  Once the 
SixNy etch was completed, the resist was removed and the wafer was realigned with the 
same mask.  During the etch process, the developed features may have altered slightly in 
shape and size resulting in gold deposition in unwanted areas.  The additional alignment 
avoids this issue.  
B.3.7. Protective Resist Coating 
Originally SU-8 was chosen as the protective coating during shipment and dicing.  
However, this resist is difficult to remove from a surface without harming the features 
underneath. Additionally, the resist may put stress on the wafer and possibly cause it to 
bend.  For these reasons, SC1827 was chosen instead.  At a thickness of 2.5 µm, it should 
















   
 
 
Figure B.11. Optical micrographs following RTP annealing.  A depicts the heater 
region where both the gold leads and the nickel serpentine heater..  B presents the 
SixNy mesas following the anneal step.  It is clear that all the materials on the wafer 








Figure B.12. Optical micrographs following BOE.  A depicts the area encompassing 
the wire bonding pads; B depicts area adjacent to Au interconnects; C depicts area 
adjacent to serpentine heater.  Red arrows have been added to emphasize regions 
where the BOE created defects. 
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A.4. Revised Prototype #1 Initial Process Flow 
The substrates used were C-axis, 50.8 mm diameter and 300-350 μm thick sapphire 
wafers purchased from Wafer World, Inc. (West Palm Beach, FL). Wafers were RCA 
cleaned to remove residual organic and inorganic contaminants from the surface prior to 
any processing.   
 
For brevity, “photolithography patterning” includes the following process steps: spin-coat 
photoresist; soft-bake; mask alignment; exposure; hard bake; and develop resist.  
Photolithography patterning was carried out using a Karl Suss MA-6 Mask Aligner (Suss 
Microtec, Waterbury Center VT) for all steps.  Patterning was completed using 
Microposit SC 1827 positive resist and Microposit MF®-319 developer (Shipley 
Company Inc., Marlborough MA).  The resist was spun to a thickness of 2.5 μm, 
followed by a 5 minute soft bake in a 150 °C oven, exposed using a 405 nm UV lamp 
source on the aligner, developed and hard baked for 10 minutes in 150 °C oven prior to 
the next step.   
B.4.1. Deposition of Silicon Nitride Mesas for micro-Heater  
Initially, 1.05 μm of SixNy was deposited using a Unaxis PECVD (OC Oerlikon 
Corporation, Pfaffikon, Switzerland).   A low-stress recipe was created using the set 
points and parameters displayed in Table B.1.  Both helium and nitrogen gases were used 
to control the level of stress on the sapphire wafer.  Since the deposition rate of SixNy in 
this tool is ~100 nm/min, the deposition was run for 105 minutes to ensure adequate 
deposition of material (Note: This recipe was used for all SixNy depositions).  The 
thickness and uniformity was verified using a Nanospec 3000 refractometer 
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Table B.1.  Process parameters used for silicon nitride deposition in the UNAXIS 
PECVD, silicon nitride etching and O2 plasma cleaning in the Vision RIE. 
 
Silicon Nitride Deposition 
Settings 
Heat Exchange 60 °C 
Wat Low 250 W 
Pressure  1100 Torr 
RF Power 60 W 
Reflectance  0 
DC Bias 7 
SiH4 gas 200 sccm 
NH3 gas 8 sccm 
He gas   560 sccm 




Silicon Nitride Etch 
Settings 
RF Power 350 W 
Ar gas 20 sccm 
O2 gas 6 sccm 





O2 plasma cleaning 
Settings 
RF Power 350 W 




(Nanometrics, Inc., Milpitas CA).  A total of 5 measurements were taken for each wafer 
to evaluate deposit uniformity across the wafer.  A plot of the average thicknesses as well 
as the standard deviation is provided in Figure B.13 for a batch of 8 wafers.  Patterning 
step #1 was completed using the mask pattern presented in Figure B.14.  Upon 
completion of patterning, SixNy was dry etched in a Vision 320 reactive ion etch (RIE) 
plasma system (Advanced Vacuum AB, Lomma Sweden) using the parameters presented 
in Table B.1.  Since the etch rate in this tool for SixNy is 500 Å/min, a 15 minute etch was 
required to pattern the SixNy.. This was the tool and recipe used for all SixNy etching.  
Remaining resist was removed through sonication in acetone for 15 minutes followed by 
O2 plasma cleaning in the Vision RIE using the parameters displayed in Table B.1.  
Sonication in acetone followed by O2 plasma cleaning was used to lift-off remaining 
resist for all patterning steps unless otherwise noted.  The step height of the SixNy was 
measured using a P15 OF profilometer (KLA Tencor, Milpitas CA) to be 1.05 μm.  This 
profilometer was used to measure all step heights for both deposited and etched layers 
throughout the process flow.  Figure B.15 presents optical micrographs of the initial 
SixNy mesa on the sapphire wafer surface.  Images presented include the barriers for the 
serpentine heater (photolithography step #2), the region for RTD/gold lead connections 
(photolithography steps #5 and #6), as well as the region where the gold bonding pads 
will be deposited (photolithography step #7).   
B.4.2. Creation of Wiring for micro-Heater 
Photolithography patterning step #2 was completed using the process parameters 
described previously (see Figure B.16 for the mask pattern used).  After successful 












Figure B.13.  Plot of the average thicknesses after PECVD deposition of silicon 
nitride using the recipe presented in Table B.1.  Error bars are included to depict the 
deviation from the average for a total of 5 measurements.  The line represents the 













Figure B.14. Feature details for a single chip, representative of the mask used 















Figure B.15.  Optical micrographs of the sensor following etching of the silicon 
nitride to create the heater pattern.  A depicts is the heater region barriers, B presnets 
the region where the RTD connects will be deposited in phtolithography step #5, and 
C depicts where the gold bonding pads will be located.  The scale bar denotes 50 µm 
in A and B and 250 µm in C. 
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thickness 500 Å) followed by successive deposition of gold at 3 Å/sec (recipe deposition 
thickness 4000 Å) in a CVC-SC5000 electron beam evaporator (Condensed Vacuum 
Corp., Rochester NY) at a base deposition pressure of 1 x 10
7 
Torr (Note: Unless 
otherwise noted, all metallization steps were carried out in this tool).  Excess metal was 
stripped from the surface using the method previously described.  The step heights of 
each layer were measured to be ~3800 Å.  Figure B.17 presents optical micrographs of 
the gold leads following deposition and lift-off.  Both the point of contact with the 
serpentine heater (photolithography step #3) and the bonding pad regions are included.   
A.4.3. Deposition of Nickel micro-Heater 
Photolithography patterning step #3 was completed using the process parameters 
described previously (see Figure B.18 for the mask pattern used).  After successful 
patterning, nickel was deposited at 2 Å/sec (recipe deposition thickness 1.1 μm) using a 
custom fit cooling plate at a base pressure of 1 x 10
-7 
Torr.   Excess metal and resist was 
removed from the surface using the method described previously with an additional 10 
minutes of sonication in acetone and additional 15 minutes of O2 plasma cleaning.  The 
step height of the nickel serpentine was measured to be 0.928 μm.  Resistivity 
measurements were obtained inside the cleanroon, to verify electrical contact was made 
between the gold and nickel serpentine.  Values ranging from 150 to 200 Ω were 
measured for both inner and outer gold leads, respectively.  Figure B.19 presents optical 
micrographs showing the serpentine heater after deposition of the nickel.   
B.3.4. Deposition of Silicon Nitride Barrier Layer #1  
Using the low stress recipe previously described, 1.05 μm layer of SixNy was deposited 













Figure B.16. Feature details for a single chip, representative of the mask used 


















Figure B.17. Optical micrographs of the gold serpentine heater leads.  A depicts the 
contact area of one of the leads (white) for the serpentine heater to be deposited 
between the SixNy (orange).  The scale bar depicts 50 µm.  B depicts the wire 
bonding pads at the bottom of the device (orange) as well as the SixNy mesa 
(brown).  The scale bar depicts 250 µm.  In both images the dark brown in the base 













Figure B.18. Feature details for a single chip, representative of the mask used 


















Figure B.19. Image A is an optical micrograph depicting a portion of the Ni 
serpentine heater pattern.  Image B is a higher magnification image of the Au/Ni 
contact made between a gold lead and the serpentine heater.  The scale bar in A 
denotes 250 µm and in B denotes 50 µm. 
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process parameters described previously using the mask pattern presented in Figure B.20.  
Following patterning, SixNy was etched in the same fashion as the mesas using the Vision 
RIE.  Excess photoresist was stripped from the wafer and the step height was measured to 
be 1.04 μm.  Figure B.21 presents optical micrographs of the first SixNy barrier layer.  
Both the serpentine heater and bonding pad regions are presented.   
B.3.5. Creation of Wiring for RTD 
Photolithography patterning step #5 was carried out using the resist and developer 
previously described (see Figure B.22 for the mask pattern used).  Post patterning, a 
titanium adhesion layer was deposited at 1 Å/sec (recipe deposition thickness 500 Å) 
followed by successive deposition of gold at 3 Å/sec (recipe deposition thickness 3800 
Å) at a base pressure of 1 x 10
6 
Torr to create the gold leads required for wiring to the 
RTD.   The excess metal and photoresist were removed from the surface and the step 
height was measured to be ~3500 Å.  Figure B.23 presents optical micrographs following 
deposition of the gold lead connections for the RTD circuit.  Both the region where 
connections with the RTD are to be made and the bonding pads are presented. 
B.4.6. Deposition of Nickel RTD 
Photolithography patterning step #6 was carried out using the resist and developer 
described in previous steps.  See Figure B.24 for the mask pattern used.  After successful 
patterning, titanium was deposited at 1 Å/sec (recipe deposition thickness 300 Å) 
followed by successive deposition of nickel at 2 Å/sec (recipe deposition thickness 4000 
Å) using a custom made cooling plate at a base pressure of 1 x 10
7 
Torr to fabricate the 
RTD.  Excess metal was removed from the surface using the method previously 












Figure B.20. Feature details for a single chip, representative of the mask used 





















Figure B.21. Optical micrographs obtained following deposition of the first silicon 
nitride barrier layer over the serpentine heater (A) and gold leads (B).  In the images, 
the yellow represents the deposited metals, the orange is the SixNy, and the brown is 













Figure B.22. Feature details for a single chip, representative of the mask used 


















Figure B.23.  Optical micrograph of the gold leads (A) interconnecting the thermal 
sensor to the gold bonding pads (B).  The scale bar denotes 250 µm for both images.  
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indicated the RTD thickness was 2500 Å.  Figure B.25 presents optical micrographs 
following deposition if the nickel RTD.  Two images were overlaid to allow for a high 
resolution photo of a larger region.  Both the RTD as well as the nickel/gold lead 
connections are presented.   
B.4.7. Deposition of Silicon Nitride Barrier Layer #2 
A 1.0 μm thick layer of SixNy was deposited using the same low stress recipe used 
previously.  Upon completion of the deposition, photolithography patterning step #7 was 
completed (see Figure B.20 for the mask pattern used).  The SixNy layer was etched in the 
Vision RIE using the recipe previously described to create the second SixNy barrier layer.  
Excess photoresist was removed and the step height of this layer was measured to be 1.08 
μm.  Figure B.26 presents optical micrographs of both the serpentine heater and bonding 
pad regions after deposition of the second SixNy barrier layer. 
B.4.8. Deposition of Gold bonding Pads 
Photolithography patterning step #8 was completed using the resist and developer 
previously described (see Figure B.27 for the mask pattern used).  Post patterning, SixNy 
was etched in the Vision RIE.  The run was carried out at 15 minute intervals followed by 
profilometry to monitor the progress of the etch towards the gold leads, for a total of 60 
minutes.  Upon etch completion the resist was removed using sonication in acetone 
followed by a 15 minute O2 plasma clean.  The wafer was then re-aligned and patterned 
for the gold deposition.   Gold was deposited at 3 Å/sec (recipe total deposition thickness 
of 8000 Å) at a base pressure of 1 x 10
-6 
Torr.  The excess metal and photoresist were 
removed from the surface and the thickness of the deposited gold was measured to be 













Figure B.24. Feature details for a single chip, representative of the mask used 














Figure B.25. Optical micrograph following deposition of Ni RTD (A).  Note that 
two images are overlaid to provide an image of a wider area of the device.  Optical 
micrograph of the gold and nickel connections for the RTD circuit (B).  The scale 


















Figure B.26.  Optical micrograph following deposition of the second silicon nitride 
barrier layer.  A depicts the base of the heater region showing the gold connections 





(heater connections) and 7000 Å for the inner four leads (RTD sensor connections).  
Figure B.28 presents optical micrographs of the gold bonding pads after etching away 
SixNy and depositing gold.  
B.4.9. Deposition of Metal Oxide Active Catalyst - Copper 
Photolithography patterning step #9 was completed using the appropriate photoresist and 
developer previously described (see Figure B.29 for the mask pattern used).  For the first 
prototype, a metal oxide catalyst of copper was chosen.  Once patterned, the copper 
catalyst was deposited at 3 Å/sec (final recipe deposition thickness of 4000 Å) at a base 
deposition pressure of 1x10
-6 
Torr.  Excess metal and photoresist was stripped from the 
surface using and the step height of the catalyst was measured to be 3000 Å.  Figure B.30 
presents an optical micrograph of the copper catalyst post deposition on one of the 
sensors.  Two images were overlaid to allow for a high resolution photo of a larger area.   
B.4.11. Preparation for Shipment 
To protect the wafer during shipment and the dicing process, Shipley SC1827 photoresist 
was spun onto the wafer to a final thickness of ~2.5 μm and hard baked for 20 minutes.   
A photograph of an entire wafer is presented in Figure B.31 prior to shipping the wafer 
off for dicing.  Dicing was carried out to create chips with a single reference sensor and 
three active catalyst sensors per chip.  In addition to cutting the chip out of the wafer, the 











Figure B.27. Feature details for a single chip, representative of the mask used 















Figure B.28. Optical micrographs of the gold bonding pads following dry etch and 
gold deposition. A depicts the 4 inner pads and B depicts a zoomed in image up of a 














Figure B.29. Feature details for a single chip, representative of the mask used 




















Figure B.30. Optical micrograph of the heater RTD following deposition of the 
metal catalyst.  Note that two images are overlaid to provide a photo of a larger 
region of the device.  The copper is the yellow circle and the nickel serpentine RTD 










Figure B.31.  Photograph of a completed wafer.  The devices are clearly visible.  
Since the photograph was taken prior to shipment for dicing, the yellowish color is 
due to the protective photoresist layer. 
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B.5. Prototype #1 Device Testing 
Upon examination of the heater units post dicing, the catalyst appears to have been 
removed during the dicing process.  Figure B.32 presents optical micrographs of all four 
heaters on a single chip.  Note that the catalyst no longer appears to be present (see 
Figure B.28 for a zoomed in image after successful deposition of the catalyst).  The 
reference heater (a.) unit looks identical to the other 3 sensors (b. - d.)  where catalyst 
should have been present.  Because of this, devices could not be tested for the intended 
use as a gas sensor.  However, to verify that the process provided functional chips in all 
other aspects, the electrical contacts were examined.  Since the lack of catalyst occurred 
post dicing, part of the dicing process must have removed the catalyst from the surface.  
Because of this, dicing will not be used for future prototypes.  
B.5.1. Resistance Measurements 
Once the chips were diced and wire bonded to the package, they were ready to be tested.  
Prior to carrying out heating experiments, resistance measurements were taken on all 
circuits to verify that the proper connections were in place after dicing was completed.  
Table B.2 through B.4 provides all the measured values for the individual chips.  The pin 
numbers in column 1 correspond to the pin connections outlined in Figure B.34.  Upon 
testing, it was noticed that the RTD circuit was not complete.  Specifically, the RTD 
Powerin and RTD Powerout addition to RTD Sensein and RTD Senseout were open circuits 
(see Figure B.34).  Based on these results, it was determined that disconnects were 
present in the RTD serpentine unit.  Upon further investigation, it was discovered that the 
heater region was not flat enough based on the deposition thicknesses for SixNy and the 
nickel heater; disconnects were occurring at the edges.   
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Table. B.2. Resistivity measurements for all Chip 1 after dicing and testing.  In the table, 
the pin number corresponds to the pins outlines in Figure B.34 for the wire bonding.  An 






Reading (Ω) Circuit 
Reference 61 62 1.1 Heater 
Reference 3 4 54.9 Heater 
Reference 3 61 107.2 Heater 
Reference 4 62 121.1 Heater 
Reference 4 61 121 Heater 
Reference 3 62 107 Heater 
Reference 2 63 X RTD 
Reference 1 64 X RTD 
Reference 63 64 53.4 RTD 
Reference 1 2 66 RTD 
Sensor 1 7 15 144.5 Heater 
Sensor 1 8 14 117.2 Heater 
Sensor 1 7 14 131 Heater 
Sensor 1 8 15 131 Heater 
Sensor 1 7 8 55.6 Heater 
Sensor 1 9 10 48.8 Heater 
Sensor 1 12 13 150.4 RTD 
Sensor 1 14 15 55.8 RTD 
Sensor 1 9 13 X RTD 
Sensor 1 10 12 X RTD 
Sensor 2 18 25 132 Heater 
Sensor 2 19 26 X Heater 
Sensor 2 19 25 132 Heater 
Sensor 2 18 19 56 Heater 
Sensor 2 18 26 X Heater 
Sensor 2 20 21 X RTD 
Sensor 2 23 24 58.1 RTD 
Sensor 2 25 26 X RTD 
Sensor 2 20 24 X RTD 
Sensor 2 21 23 X RTD 
Sensor 3 36 29 149 Heater 
Sensor 3 35 30 121 Heater 
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Table. B.2. Continued 
Sensor 3 29 30 58.3 Heater 
Sensor 3 29 35 135.2 Heater 
Sensor 3 30 36 136 Heater 
Sensor 3 35 36 59 Heater 
Sensor 3 31 32 150.7 RTD 
Sensor 3 34 31 X RTD 
Sensor 3 33 32 X RTD 
Sensor 3 33 34 185 RTD 
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Table. B.3. Resistivity measurements for all Chip 2 after dicing and testing.  In the table, 
the pin number corresponds to the pins outlines in Figure B.34 for the wire bonding.  An 






Reading (Ω) Circuit 
Reference 4 61 133 Heater 
Reference 3 62 109 Heater 
Reference 3 4 49.4 Heater 
Reference 61 62 49.6 Heater 
Reference 3 61 121 Heater 
Reference 4 62 120 Heater 
Reference 2 63 X RTD 
Reference 1 64 X RTD 
Reference 1 2 37.9 RTD 
Reference 63 64 X RTD 
Sensor 1 7 15 136 Heater 
Sensor 1 8 14 111 Heater 
Sensor 1 7 8 52.2 Heater 
Sensor 1 15 8 124 Heater 
Sensor 1 15 14 51 Heater 
Sensor 1 7 14 123.3 Heater 
Sensor 1 9 13 X RTD 
Sensor 1 10 12 X RTD 
Sensor 1 9 10 X RTD 
Sensor 1 12 13 X RTD 
Sensor 2 18 26 138 Heater 
Sensor 2 19 25 111 Heater 
Sensor 2 18 19 64 Heater 
Sensor 2 18 25 125 Heater 
Sensor 2 18 19 52 Heater 
Sensor 2 19 26 126 Heater 
Sensor 2 20 24 X RTD 
Sensor 2 21 23 X RTD 
Sensor 2 20 21 52 RTD 
Sensor 2 23 24 62.1 RTD 
Sensor 3 29 36 X Heater 
Sensor 3 30 35 X Heater 
Sensor 3 30 29 58.6 Heater 
Sensor 3 31 32 50 Heater 
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Table. B.3. Continued 
Sensor 3 29 35 X Heater 
Sensor 3 30 36 X Heater 
Sensor 3 31 34 X RTD 
Sensor 3 32 33 X RTD 
Sensor 3 33 34 X RTD 
Sensor 3 35 36 X RTD 
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Table. B.4. Resistivity measurements for all Chip 3 after dicing and testing.  In the table, 
the pin number corresponds to the pins outlines in Figure B.34 for the wire bonding.  An 






Reading (Ω) Circuit 
Reference 4 61 X Heater 
Reference 3 62 X Heater 
Reference 3 4 49 Heater 
Reference 61 62 X Heater 
Reference 3 61 X Heater 
Reference 4 62 X Heater 
Reference 2 63 X RTD 
Reference 1 64 X RTD 
Reference 1 2 X RTD 
Reference 63 64 X RTD 
Sensor 1 7 15 133.2 Heater 
Sensor 1 8 14 114.2 Heater 
Sensor 1 7 8 50.4 Heater 
Sensor 1 15 8 121.3 Heater 
Sensor 1 15 14 56 Heater 
Sensor 1 7 14 126 Heater 
Sensor 1 10 12 X RTD 
Sensor 1 9 10 X RTD 
Sensor 1 12 13 X RTD 
Sensor 2 18 26 X Heater 
Sensor 2 19 25 109.4 Heater 
Sensor 2 18 19 X Heater 
Sensor 2 18 25 X Heater 
Sensor 2 18 19 X Heater 
Sensor 2 19 26 123.5 Heater 
Sensor 2 20 24 X RTD 
Sensor 2 21 23 X RTD 
Sensor 2 20 21 X RTD 
Sensor 2 23 24 X RTD 
Sensor 2 25 26 52.4 Heater 
Sensor 3 29 36 X Heater 
Sensor 3 30 35 X Heater 
Sensor 3 30 29 52 Heater 
Sensor 3 31 32 73.3 Heater 
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Table. B.4. Continued 
Sensor 3 29 35 X Heater 
Sensor 3 30 36 X Heater 
Sensor 3 31 34 1.3 RTD 
Sensor 3 32 33 68 RTD 
Sensor 3 33 34 X RTD 











Figure B.32. All four heating units on one chip following dicing of the wafer.  a.) 
reference sensor where no catalyst was deposited.  No catalyst appears to be present.  
b, c, d.) Sensors where catalyst was deposited prior to dicing.  No catalyst appears to 






B.6.1. Wire Bonding 
A total of 3 chips were successfully diced from one wafer.  Each diced chip was fixed to 
a 64 pin side braze package (part # CSB06401) purchased from Spectrum Semiconductor 
Materials, Inc (San Jose, CA) using a high temperature ceramic epoxy (product # 940HT-
1) purchased from Cotronics Corporation (Brooklyn, NY).  The epoxy was prepared 
according to the suppliers instructions.  Figure B.33 presents photographs of one diced 
chip attached to the package.  The chip was wire bonded to the package using an MEI 
mode 1204-W hybrid wedge bonder (Marpet Enterprises, Inc) at a temperature of 150 °C 
using a controlled heat stage purchased from JM Industries (Worcester, MA).  Gold wire, 
with a thickness of 1.5 mil, was used as received from Sigmond Cohn Corporation (Mt 
Vernon, NY).  The heater regions for all sensors were designed to hang over the edge of 
the package to aid in gas flow during future testing.  Figure B.34 presents the wiring 
diagram for a full chip containing a reference sensor and 3 sensors with catalyst.  
Included on the diagram is also the function of each connection on the device.  A more 
detailed description and schematic is provided in Figure B.35 for a single sensor.   
 
After wire bonding was completed, optical images were acquired for all bonding pads.  
Figure B.36 presents an optical micrograph of the eight bonding pads on one of the 
sensors.  It is representative of all four sensors on each chip.  Also presented is an optical 

















Figure B.33. Photographs of a diced chip fixed to the package post wire-bonding.   
Gold wire was using to bond the pads on the device to the pads on the package.  
Both a top (upper) and side (lower) view image are provided.  The heater regions are 
hanging off the edge of the package to aid in gas flow during testing.  The wiring 










Figure B.34. Wiring diagram used for bonding.  Bonding pins with a label next to 
them were used.  All others were not connected.  Pins 64-4 were connected to the 
reference sensor, pins 7-10 and 12-15 were connected to sensor #1, pins 18-21 and 
23-26 were connected to sensor #2, and pins 29-36 were connected to sensor #3.  
The labels at the pins are representative of the function of that bonding pin on the 




























































































































































Figure B.35. Schematic of one sensor on a chip.  Rectangle depicts the region 
shown in detail on the right.  Bonding pads 1-8 are labeled and the corresponding 
function on the chip is provided.  Pads 1, 2, 7, and 8 correspond to the heating unit 










1 – Heater Power In
2 – Heater Sense In
3 – RTD Power In
4 – RTD Sense In
5 – RTD Sense Out
6 – RTD Power Out
7 – Heater Sense Out












Figure B.36. A presents the eight gold bonding pads for the reference sensor on 
Chip 1.  Also presented in B are the bonding pads on the package.  Scratches on the 
bonding pads were to roughen the surface to help make a better wire connection. 
The scale bar denotes 500 µm for both images. 
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A.6.2. Creation of the Wiring Board 
Upon completion of functional sensors, the chip will be ready for gas testing.  In 
preparation for this, a board was wired to connect 4 RJ-45’s (one corresponding to each 
sensor on the chip) to the 64 pin package.  RJ-45's were purchased from Winford 
Engineering (product #PBC8P8C) and were fixed to breadboard adaptors.  Each RJ-45 
was then connected to a detector for monitoring the changes in resistance with heating 
over the heater and RTD units.  For ease of use, a ZIF DIP socket was purchased from 
Linear Sales (part #264-4493-00-0602J) and wired to the board so that the same set-up 
could be used with multiple devices.  Figures A.37 as well as A.38 present photographs 
of the completed board.  Specifically, Figure B.37 presents a top view showing the DIP 
socket and the RJ-45’s lined up and Figure B.38 presents the bottom view of the twisted 
pair wiring from the socket pins to the RJ-45’s pins.   
A.6.3. Creation of a Test Circuit 
To assess the wiring of the circuit board prior to device testing, a test circuit was created 
to verify that the correct connections were made.  The circuit consisted of a series of 
resistors (10 Ω) and light bulbs (MB-1829) to test the heating and the RTD units, 
respectively.  These were soldered in pairs, corresponding to the functions outlined in 
Figure B.35.  The wiring diagram for the test circuit is provided in Figure B.37.  Due to 
space limitations during creation of the test circuit, pins used are not all in a row.  Spaces 











Figure B.37. Photograph showing the 4 RJ-45's as well as the 64 pin ZIF DIP 
socket.  Each RJ-45 is connected to a specially designed box changes in resistance 
are measured.  The socket was implemented to allow for multiple chips to be tested 
without creating a board for each.  The wiring from the socket to the RJ-45's is 













Figure B.38. A photograph showing the wiring from the socket (bottom of the 
image) to the RJ'45's (top of the image).  Each RJ-45 corresponds to a different 
sensor on the fabricated ships.  The packages pin assignments by sensor are depicted 











Figure B.39.  Schematic showing the pin layout for the test circuit and where 
resistors and light bulbs were positioned.  Also shown is the spacing required due to 
the space limitations of the package.  Each pin on this image corresponds to the 














Figure B.40. Photographs of the test circuit created to test the connections on the 
board prior to experimentation with the sensor chips.  The side view shows the 
resistors and light bulbs as well as the spacing created on the 64 pin socket.  The 




view of the test circuit provided in Figure B.38.  Also presented in Figure B.38 are the 
top and bottom views showing the soldering in more detail.   
B.7. Prototype #2 Initial Process Flow 
Upon careful consideration of the issues and results obtained using sapphire as the base 
substrate for the sensor, a decision was made to move to a silicon wafer in hopes of 
creating a functional sensor.  In doing so, a few design changes were made.  The process 
flow for prototype #2 is provided below. 
B.7.1. Deposition of Silicon Nitride Mesas for micro-Heater  
Deposition and etching of the SixNy mesa will be performed in the same manner as 
prototype #1.  Photolithography patterning step #1 will be completed using the same 
parameters described in section B.4.1 in this appendix (see Figure B.14 for the mask 
pattern used).   
B.7.2. Creation of Wiring for micro-Heater 
Photolithography patterning step #2 will be completed using the same process parameters 
described in section B.4.2 of this appendix (see Figure B.16 for the mask pattern used).   
B.7.3. Deposition of Nickel micro-Heater 
Photolithography patterning step #3 will be completed using the process parameters 
described in section B.4.3 in this appendix (see Figure B.18 for the mask pattern used).   
B.7.4. Deposition of Silicon Nitride Barrier Layer #1  
The same low stress recipe previously described in this appendix will be used to deposit 
SixNy over the entire wafer.  The barrier layer mask was altered to add additional 
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alignment marks for the final process step, a silicon wafer etch.  Figure B.40 presents the 
new mask pattern for a single chip.  The silicon wafer etch is to be carried out using a 
Bosch process in an ICP where metal may not be exposed during the process.  For this 
reason, the alignment mark had to be created using SixNy.  Photolithography patterning 
step #4 will be completed using the process parameters described in the section B.4.4.   
B.7.5. Creation of Wiring for RTD 
Photolithography patterning step #5 will be completed using the process parameters 
described in section B.4.5 of this appendix (see Figure B.22 for the mask pattern used).   
B.7.6. Deposition of Nickel RTD 
To correct for the disconnects in the RTD described in section B.5.1 of this appendix, 
nickel deposition for prototype #2 will be sputtered onto the entire wafer surface and 
etched back using 30% Ferric (III) Chloride.  In doing so, the metal will coat all areas of 
the uneven surface, eliminating disconnects.  A new schematic for the RTD deposition 
process is presented in Figure B.42.  This will be the new photolithography step #6.  The 
same mask presented in Figure B.24 will be used. 
B.7.7. Deposition of Silicon Nitride Barrier Layer #2 
The same low stress recipe previously described in this appendix will be used to deposit 
SixNy over the entire wafer.  Photolithography patterning step #7 will be completed using 
the same process parameters described in section B.4.7 of this appendix.   Figure B.41 
presents the new mask pattern for a single chip.  It should be noted that this mask 













Figure B.41. Feature details for a single chip, representative of the new mask made 
to be used during photolithography patterning step #4 and #7.  Alignment marks 













Figure B.42. Schematic of the process flow for creation of the RTD sensing element 


















Figure B.43. Feature details for a single chip, representative of the new mask made 
to be used during photolithography patterning step #9.  Two reference and 2 catalyst 




B.7.8. Deposition of Gold bonding Pads 
Photolithography patterning step #8 will be completed using the process steps described 
in section B.4.8 of this appendix.  See Figure B.27 for the mask pattern used.   
B.7.9. Deposition of Metal Oxide Active Catalyst - Copper, Nickel and Titanium 
Photolithography patterning step #9 will be completed using a new mask, presented in 
Figure B.43.  The metal catalyst deposition was re-designed to account for the possibility 
that some sensors on a chip may not be fully functional.  Instead of a single reference and 
3 active catalyst sensors, there will be two of each in an alternating pattern.  The process 
steps described in section B.4.9 of this appendix will remain the same for 
photolithography step #9.  For the first prototype, a metal oxide catalyst of copper was 
chosen.  This metal will be used again in addition to nickel and titanium, all on separate 
wafers.   
B.7.10. Silicon Wafer Etch 
An additional process step has been added for prototype #2 for release of the parts from 
the wafer.  Due to the issues encountered with dicing the wafer, an etch will be employed 
through the entire silicon wafer.  The silicon wafer etch is to be carried out using a Bosch 
process in the PECVD-ICP.   The shape and design of the chip will remain the same as 
the diced sapphire chip for prototype #1; however the finger region will be slightly 
shorter to account for the inability of the silicon etch to thin the end of the fingers. The 
mask features for a single chip is presented in Figure B.44.  All other steps post 
fabrication such as device testing and wiring will remain the same.  Presented in Figure 
B.45 is a  schematic for a single chip post etching with the features included. The blue 












Figure B.44. Feature details for a single chip, representative of the new mask made 
to be used during photolithography patterning step #10.  A complete etch of the 




black lines represent the gold lead connections for both the heater and RTD sensing unit.  
It should be noted that the spacing is not drawn to scale.  Also included are the gold 
bonding pads at the base of the gold leads in a staggered patter, represented by the green 














Figure B.45. Schematic of a completed chip with three sensing units and one 
reference.  The grey boxes represent the heater nit, the blue ovals represent the metal 
oxide catalyst atop the RTD sending unit, the black lines represent the gold lead 
connections for the heater and RTD, and the green squares represent the gold 
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